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A Hardware-Software Cooperative Approach for the Exhaustive Verification of
the Collatz Conjecture

Yasuaki Ito and Koji Nakano
Department of Information Engineering, Hiroshima University
Kagamiyama 1-4-1, Higashi-Hiroshima, 739-8527 JAPAN

Abstract operation on an arbitrary positive number:

Consider the following operation on an arbitrary posi- even operation if the number is even, divide it by two, and

tive number: if the number is even, divide it by two, and odd operation if the number is odd, triple it and add one.

if the number is odd, triple it and add one. The Collatz ) _ )
conjecture assert that, starting from any positive number The Collatz conjecture assert that, starting from any posi-
n, repeated iteration of the operations eventually produces tive number, repeated iteration of the operations eventually
the valuel. The main contribution of this paper is to produces the value For example, starting from 3, we have
present hardware-software cooperative approach to verify the following sequence to produce 1.

the Collatz conjecture. The key idea of our approach is
to sieve numbers that produces 1 using a circuit imple-
mented on an FPGA. The numbers that fail to be verified  The main contribution of this paper is to present a
by overflow are reported to the host PC. The host PC ver- hardware-software cooperative approach to verify the Col-
ifies those numbers using unlimited bits operations by soft-|atz conjecture. More specifically, we have developed a
ware. We have implemented 24 coprocessors on the Verhardware algorithm for exhaustive verification of the Col-
tex Il family FPGA XC2V3000-4. The experimental results |atz conjecture for a limited number of bits. We use an

show that our hardware-software cooperative approach can FPGA to implement this hardware algorithm as coproces-

3—10—-5—-216—-8—4—-2—1

verify 2.89 x 10” 64-bit numbers per second. _ sors for this approach. The key idea of our approach is
Keywords: Hardware Algorithm, FPGA Implementation, to sieve numbers: verified that it produces 1 using co-
block RAMs. processors on an FPGA connected through PCl-bus. Each

coprocessor has a 78-bit architecture and works as fol-

lows: First, it receives 32-bit numbey/ from the host
1 Introduction PC through the PCl-bus. For each 64-bit numberin

[M - 232 (M + 1) - 232 — 1], it verifies if iteration of

An FPGA (Field Programmable Gate Array) is a pro- the operations produce 1 starting framby repeating the
grammable VLSI in which a hardware designed by users even and odd operations. The coprocessor reports hum-
can be embedded instantly. Typical FPGAs consist of anber m to the host PC if the interim value has more than
array of programmable logic blocks (or slices), memory 78 bits and it fails to verify the conjecture. The host
blocks, and programmable interconnect between them. ThePC receives such numbet, and perform the iteration of
logic block contains four-input logic functions implemented the operations with unlimited number of bits implemented
by a look up table and/or several registers. Using four-input by software. Let us show an example for the reader’s
logic functions, registers, and their interconnects, any com-benefit. Suppose that, from host PC, a 32-bit humber
binational circuits and sequential logic can be implemented. M =0xF1234567 is given to the coprocessor on the FPGA.
Using design tools provided by FPGA vendors or third party For each numbei from M - 232 (=0xF1234567000000)
companies, a hardware logic designed by users using hardto (M + 1) - 232 — 1 (=0xF1234567FFFFFFFF), the
ware description languages can be embedded in FPGAs. Itoprocessor repeats the even and the odd operations.
has been shown that a lot of computation can be accelerate®tarting from m =0xF123456705A1CF67, the iter-
using a circuit implemented in FPGAs [2, 3, 8, 9, 10]. ation of the operations produces an interim number
The Collatz conjecturés a well-known unsolved con- 0xB59C3655454882EE20450CB8 which has more than 78

jecture in mathematics [5, 7, 13]. Consider the following bits. Thus, the coprocessor detects the overflow of 78-bit



register and reports the 32-bit LSB of, 0OXO5A1CF67 to
the host PC. The host PC verifies the Collatz conjecture for Host PC
suchm =0xF123456705A1CF67 by software.
This coprocessor approach makes sense because T PCI bus
e the hardware implementation on the FPGA is fast and v
low power consumption, but the number of bits for the < >

operation is fixed,

¢ the software implementation on the PC is relatively v v v v
slow and high power consumption, but the number of 0 23
bits for the operation is unlimited. 1 2 |-

So, our approach finds counter example candidatesf 24 coprocessors
the Collatz conjecture using the hardware implementation, -
, g P Virtex Il FPGA

and confirm it for such numbers using the software im-
plementation. Also, since the circuit for the coprocessor is
small enough that we can implement 24 coprocessors on a
Vertex Il family FPGA XC2V3000-4 [6]. In this way, we Figure 1. Our hardware-software cooperative
can further accelerate the verification by hardware-software ~ architecture for verifying the Collatz conjec-
cooperative approach. ture

Figure 1 illustrates our hardware-software cooperative
architecture for verifying the Collatz conjecture. We have
used a Nallatech Xtreme DSP kit [11], which is a PCl board show the performance analysis and and the experimental re-
with Xilinx VirtexIl family FPGA XC2V3000-4, We have  sults. Finally, Section 7 offers the conclusions.
implemented 24 coprocessor working independently in the
FPGA. The FPGA and the host PC are connected though they Acce|erating the verification of the Collatz
PClI-bus. The host PC works as a server, which requests to conjecture
verify the Collatz conjecture fad32 numbers from\/ - 232
to (M + 1) - 232 — 1 for some 32-bit integed! to each
coprocessor. The experimental results show that, for 64-bit
numbers, each coprocessor can vetif§0 x 10® numbers ? " :

. 9 latz conjecture. The basic ideas of acceleration are shown

per secon(_j. Also, we can veriB/89 x 10 numl_oers per . 7, 13]
second using our hardware-software cooperative architec- The first idea is to terminate the operations before the

ture using 24 coprocessors. . - -
g P iteration produces 1. Suppose that we have already veri-

In our previous paper [1], we have s.hown an ar9h|tecture fied that the Collatz conjecture is true for numbers less than
for the verification of the Collatz conjecture. This paper : " .
n, and we are now in position to verify it for number

showed an implementation on a Xilinx Spartan-3AN family Clearly. if we repeatedly execute the operationsifamtil
FPGA XC3S700AN-5, which uses 831 slices, seven 18-bit Y, I b y : P ) .
the value is 1, then we can confirm that the conjecture is

embedded multipliers, two 18Kbit block RAMs. The sim- . ,
. I . true forn. Instead, if the value becoma&for somen’ less
ulation and the timing analysis results for XC3S700AN-5 . .
show that this architecture can veriif numbers in 424s thann, then_we can guarantee that the conjecture is tr.ue for
: n because it has been proved to be truerfor Thus, it is

Thus, it can verifyl.55 x 10° numbers per second. How- not necessary to repeat this operation until the value is 1
ever, it uses 128-bit registers, and does not check the over- y P P '

: : . : . and we can terminate the iteration when, for the first time,
flow. Our new idea is to improve this architecture to work as :
. . .~ the value is less than.
a coprocessor, and to implement 24 coprocessors in a Virtex . - . .
The second idea is to perform several operations in one

[l family FPGA XC2V3000-4. . ;
Thi . ed as foll Section 2 sh b step. Consider that we want to perform the operations for
IS paper IS organized as 10llows. Section 2 Shows ba-, g letny, andngy be the least significant two bits and

;lctldeasl tosac:;ele;ate thehverlflcbathn k?f tgle Collaluz c;t?]n- the remaining bits of.. In other wordsy — 4ny + 1y,
Jecture. In Section 5, we Snow a basic hardware algoritnmy, o, Clearly, the value of, is either 00, 01, 10, or 11.

for th_e verification on the FPGA. Sect|_0n 4 shows how we We can perform the several operationsifdsased om;, as
have implemented our hardware algorithm as a COProCeSSOf i\ e

including the interface between the host PC and the FPGA,
and how the software in the host PC works. Sections 5 and 6n;, = 00: Since two even operations are applied, the result-

The main purpose of this section is to show a hard-
ware algorithm for accelerating the verification of the Col-



ing number isng. have implemented for various numbers of bitshgf. Our
) o ) ~implementation results show that the performance is well

nz = 01: First, odd operation is applied and the resulting | 51anced when the number of bitsof is 10.

number is(4ny +1) -3+ 1 = 12ny + 4. After that, The third idea to accelerate the verification of the Collatz

two even operations are applied, and we Havg + 1. conjecture is to skip numberssuch that we can guarantee
that the resulting number is less tharafter the table op-
eration. For example, suppose we are using two bit table
andng > 0. If ny = 00 then the resulting value sy,
which is less tham. Thus, we can skip the table operation
for n if ny, = 00. If ny = 01 then the resulting value is
ng = 11: First, odd operation is applied and we have 3ng + 1, which is always less tham = 4ng + 1, and we

(4ng +3) -3+ 1 = 12ny + 10. Second, by even op-  can skip the table operation. Similarlyif, = 10 then we

eration, the value iny + 5. Again, odd operationis ~ can skip the table operation. On the other hand= 11

performed and we hav@n +5)-3+1 = 18ny +16. then the resulting value &5 + 8, which is always larger

Finally, by even operation, we hadey + 8. thann. Therefore, the Collatz conjecture is guaranteed to

be true whenevet; # 11, because it has been verified true

For example, ifn, = 11 then we can obtaifiny + 8 by for numbers less than. Consequently, we need to execute
applying 4 operations, odd, even, odd, and even operationghe table operation for numbersuch that;, = 11.
inturn. LetA and B be tables as follows: We can extend this idea for general case. For least sig-
nificantd bits ny, we say that:;, is not mandatoryif the

ny, = 10: First, even operation is performed and we have
2ng + 1. Second, odd operation is applied and we
have(2ng + 1) -3+ 1 = 6nyg + 4. Finally, by even
operation, the value Bny + 2.

00 Al % value ofa is less thar2? at some moment while even and
o1l 3| 1 odd rules are repeatedly applied. We can skip the verifi-
10| 3] 2 cation for non mandatory.;,. The reason is as follows:
111 9 8 Consider that for numbet, we are applying even and odd

rules. Initially, e = 2¢ andb < 2¢ — 1 hold. Thus, while
Using these tables, we can perform the following table op- even and odd rules are applied;> b always hold. Suppose

eration, which emulates several odd and even operations: thata < 2? — 1 holds at some moment while the rules are

applied. Then, the current value ofis
table operation For least significant two bita; and the

remaining most significant bits; of the value, the
new value isA[nz] - ng + Blng]. It follows that, the value is less tharwhen the correspond-
ing even and odd operations are applied. Therefore, we can
omit the verification for numbers that have no mandatory
least significant bits.

For least significant bit number, we use tablg to store
the mandatory least significant bits. Let be the number
of such mandatory least significant bits. Using these table,
we can write a verification algorithm as follows:

even rule If both ¢ andb are even, then divide them by two. for my = 1to 400 do
fori=0tosy —1do
begin

myp = S[Z],

n=m=2%myg +myg;

while(n > m) do

begin
Letny be the least significarnt bits and

anH+b<anH+a§(2d—1)nH+a=2dnH<n.

Let us extend the table operation for least significant two
bits to more bits. For a numberandd (> 2), letny andng
be the least significant bits, that is; = 29y + nr,. We
call d is the base bitsLet the current value of isang + b.
Initially, « = 2¢ andb = n;. We repeatedly perform the
following rules fora andb.

odd rule If bis odd, then triple:, and tripleb and add one.

These two rules are applied until no more rules can be ap-
plied, that is, untikz is odd and is even. It should be clear
that, even and odd rules correspond to even and odd oper-
ations of the Collatz conjecture. ifeven rules ang odd
rules applied, then the value ofis 2¢=37. Thus, exactly >
d even rules are applied until the termination. After the ter- ny be the remaining bits.

mination, we can determine the value of elements in tables n = Alng]-ng + Blnil;

A and B such thatA[n;] = a and B[ng] = b. Using end

tablesA and B, we can perform the table operation fér end

bitsny,, which involvesd even operations and zero or more For the benefit of readers, we shoty B, and.S for 4
odd operations. In this way, we can accelerate the opera-base bits in Table 1. From, = 3, we have 3 mandatory
tion of the Collatz conjecture. In our previous paper [1], we least significant bits out of 16.



is necessary to store that value Afnz| - ny + Blny] to

Table 1. Tables A, B, and S for least signifi- registers forny andny. As we are going to show next,
cant 4 bits. the update ofi; andny, can be done in one clock cycle by
Al B S careful implementation.
0000| 1| 00111 Figure 2 shows an illustration of our architecture for ver-
0001| 9| 11011 ifying the Collatz conjecture, which performs the update of
0010 9| 2|1111 ny andny, in every clock cycle. The address registers for
0011 9| 2 - tables A and B are used to storg as in Figure 2, while the
0100 3| 1 - value ofny is stored in a register. Two counters are used to
0101| 3| 1 - store the current values afy andi. The value ofS[i] is
0110 9| 4 - computed from and stored imn .. In the same timeS[i] is
0111} 27| 13 - also stored in the address register for tables A and B. From
1000 3| 2 - the value of the address registéin; ] and B[ny] are ob-
1001 | 27 | 17 - tained. After thatA[n.] - ny + B[ny] is computed using
1010 3| 2 - a multiplier and an adder. This value is compared with the
1011 27| 20 - value ofm stored in the register. § > m then the resulting
1100, 9| 8 - value is stored in the register fag; and the address register
1101 9| 8 - for ny,. Otherwise these registers are updated by next values
1110 27 | 26 - of my andmy. In this way, the values af; andny, can
1111 81| 80 - be updated in one clock cycle.
4 Our hardware-software cooperative ap-
3 An Architecture for the verification on an proach

FPGA ) ) o _
The main purpose of this section is to present the details

_ ) o ~of implementation of our hardware-software operative ap-
The main purpose of this section is to show an architec- proach.

ture for verifying the Collatz conjecture using tablésB, We have used 24 coprocessors as illustrated in Figure 1.
and S. The preliminary results of FPGA implementation \ye modify the architecture in Figure 2 to use as a copro-
are shown in our previous paper [1]. cessor in Figure 1. The readers should refer Figure 3 for
Letd be the base bits. Each of the tableandB canbe jllustrating the interface between the host PC and our co-
stored in a ROM of size” x a4, wherea, is the number of  processor architecture. Our coprocessor architecture takes
bits necessary to store the valuesAwofFrom Table 1a, = 10 base bits, and thus, tables A and B has 1024 16-bit words

7 because the maximum valued$ < 27. To store table  each. It has 64 mandatory least significant bits out of 1024
S, a ROM of sizesy x d is used. Letw be the maximum |east significant bits. Thus, the counter for talSleeeds
number of bits ofx. Clearly,ny hasw — d bits andny has 6 bits to indicate one of the 64 mandatory least signifi-
d bits. Thus, to compute the produéfn, ] - ny, we use an  cant bits. Each of the coprocessors receives 32-bit integer
aq x (w — d)-bit multiplier. After that, to compute the sum A7 from the host PC, and performs the exhaustive verifica-

Alnr] - ng + Blng], aw-bit ag-bit adder is used. tion for the Collatz conjecture for numbers frohd - 232
The ROM can be implemented by block RAMs in the to (M + 1) - 232 — 1. In other words, the verification is
FPGA. Block RAMs in most FPGAs including Virtex 1l performed for 64-bit numbers. This is reasonable because

Family FPGA used in our implementation support syn- working projects for the Collatz conjecture are currently
chronous read and synchronous write [6]. In the syn- checking 60-bit numbers [12] and 63-bit numbers [4]. Sup-
chronous operation, the address bits given to an address pogtose that the coprocessor find that the interim value is over-
is written in an internal address register at the rising edge offlow for the initial valuem. The coprocessor reports the
the clock. After that, the data specified by the address reg-least significant 32-bit ofn through the buffer with four
ister can be read from the data output port. Thus, one clock32-bit registers if the overflow is detected. After the host
cycle necessary to read the data in a synchronous read blockC receives this 32-bit value, it verifies the Collatz conjec-
RAM. A naive implementation of the ROM using the block ture form.

RAM needs two clock cycles to update the value:gf and Figure 4 illustrates a part of the circuit to computp:; |-

nyz, by next valueA[n;] - nyg + B[ny]. One clock cycle Ny + B[ny] and to detect the overflow. The valuergf is

is necessary to read the value #fnr| and Blny] stored  stored in 68-bit register, and thatf, is stored in the block

in the block RAMs. After that, additional one clock cycle RAMs for tablesA and B. Note that, since our architecture



counter counter| 2
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Figure 2. Our architecture for verifying the Collatz conjecture

has 10 base bits,;, has 10 bits and the output valuédg ] linked list in an obvious way. In particular, by the odd oper-

and B[ny] of tablesA and B have 16 bits. The product ation, we may need more number of bits. If this is the case,

Alng] - ng is computed by &8 x 16-bit multiplier. The an element with 32-bit number is added to the linked list to

sumA[nz] - nyg + B[ny] is computed by a4 + 16-bit increase the number of bits.

adder. If the resulting value of the sum is larger tB&h the

overflow is detected. If this is the case, the least significant5 The performance analysis

32 bits of the current value of: is transferred to the buffer

in Figure 3. Let us evaluate the hardware resources in the FPGA to
The host PC works as a server of the coprocessors as folimplement coprocessors. A coprocessor usés a 16-bit

lows: Suppose that we need to verify the Collatz conjecture multiplier. The Virtex Il FPGA had8 x 18-bit multipliers,

for all 64-bit numbers. The host PC serfild, 2, ..., 23, which support the multiplication of two 17-bit unsigned in-

to the 24 coprocessors respectively. The host PC alwaysegers. Thus, the product of 68-bit and 16-bit unsigned inte-

checks the buffers of the coprocessors. Consider that theyers can be implemented using fddrx 18-bit multipliers.

host PC finds a 32-bit number’ stored in one of the TablesA andB have 1024 16-bit words each. Hence, each

buffers of the coprocessor and the host PC has sent reof them can be implemented in one 18k-bit block RAM in

quest of 32-bit numben/ to the coprocessor. It follows the Virtex Il FPGA. TableS has 64 10-bit words, which can

that the coprocessor detect the overflow for the initial value also be implemented in one 18k-bit block RAM. Thus, each

m = M -2% 4 m/. Thus, the host start start the verification coprocessor uses three 18k-bit block RAMs for tables,

for m using the unlimited bits operations. If the host PC andsS. Further, since the block RAM in the Virtex Il FPGA

finds that one of the coprocessors finishes the verificationis dual port, that is, it has two address ports and can be read

for 232 numbers, it sends next number 24 to the processor.the data of two addresses, which can be distinct, in the same

Similarly, if the host PC finds a processor that finishes the time. Hence, two coprocessors can share the three 18k-bit

verification, it sends next numbe2s, 26, .. ., 232 — 1. block RAMs for three tables. Consequently, 24 coproces-
The unlimited bits operations by software are imple- sors uses 988 x 18-bit multipliers and 36 18k-bit block

mented by a linked list with each element taking a 32-bit RAMs. Since our target is XC2V3000 has 98 x 18-bit

unsigned integer. Hence, a linked list withelements can  multipliers and 96 18Kk-bit block RAMs, our implementa-

represenB2n-bit integer. Sincer is unlimited, the linked  tion is feasible.

list can represent any large number. Further, it is not dif-  Let us evaluate how often we have the overflow. Suppose

ficult to implement the even and the odd operations for a that the even and the odd operations are performed for a
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Figure 3. The interface between the host PC and the coprocessor

p-bit numbern. Note that2P~! < n < 2P holds. Let tex Il family FPGA (XC2V3000-4), which has 28672 slices,
M (n) denote the maximum number until produces, for 96 18-bit multipliers, and 96 18k-bit block RAMs. For logic
the first time, a number less thanduring the operations.  synthesis, we have used XST with ISE Foundation 10.1.
For example, M (3) = 16 holds. Suppose that we use The implemented circuit on the FPGA consists of 24 co-
bit architecture for the even and the odd operations. Theprocessors and the interface between Host PC and FPGA.
verification ofn is overflow if M (n) > 2°. Let V(p,b) be The implementation uses 8848 slices and 96 18-bit multi-
the set of such number, that isV (p,b) = {n | 2P~ ! < pliers, and 36 18k-bit block RAMs. The timing analysis

n < 2P andM(n) > 2°}. Then, the ratiaR(p, b) of the by ISE Foundation 10.1 reported that our implementation
overflow of p-bit numbers orb-bit architecture is runs in 40.12MHz. Thus, we set the clock frequency the

V(p.b)| programmable oscillator on the FPGA board to 40MHz.

op—1 ° The computing time is evaluated by verifying the Collatz
conjecture for the 64-bit numbers in 240 sections. Each sec-
tion has2®? numbers i -232 (M +1)-232—1], whereM
is a 32-bit number that is generated at random. Therefore,
we verified240 x 232 ~ 1.0 x 10*2 64-bit numbers. For the
purpose of showing the goodness of our hardware-software
cooperative approach, we have implemented a software ap-
proach. We measured the performance of the software ap-
roach on an IBM PC-compatible (Xeon X5355 2.66GHz
rocessor with 10GB of memory) using Linux OS (64bit).
Since enough size of memory is available in the software
approach, we use larger tablds B, andC. More specifi-
6 Experimental results cally, the sizes of table4 andB are65536 x 26 and the size
of table S of sizes2114 x 16. The computing time of the

We have implemented and evaluated the performance ofsoftware approach is also evaluated by verifying the Collatz

our hardware-software cooperative approach on Xilinx Vir- conjecture for the same 64-bit numbers in 240 sections.

R(p,b) =

Let us clarify the ratioR(p, b) for p = 58,59, ...,64, and
b = 66,67,...,90. For this purpose, we generate)dit
number108® times at random, and seeM (n) > 2°. Fig-
ure 5 shows the rati®(p, b) of overflow for ap-bit inte-
ger on theb-bit architecture. This figure shows that the
ratio R(p, b) rapidly decreases by increasing the value of
b. Recall that the parametefs = 64 andb = 78 are
used in our coprocessors. From the figure, we can seég
R(64,78) = 2.9 x 10~°, which is small enough.
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Table 2 shows the computing time of our hardware-
software cooperative approach and its corresponding soft-

ware approach for verifying approximatelyd x 10'2 64-

bit numbers. As shown in the table, a speed-up factor of
more than 15 is experimented and our hardware-software [5]
cooperative approach verifi@R9 x 10° numbers per sec-
ond. In the hardware-software cooperative approach, there
are 5656255 overflow-numbers. The number of overflow
is much smaller than the number of verified numbers, and [g]
those numbers are verified by software on the host PC.
Therefore, almost numbers are sieved using the circuit on [7]

the FPGA.

7 Conclusions

We have presented a hardware-software cooperative ap-

proach that verifies the Collatz conjecture. The key idea of
our approach is to sieve numberserified that it produces

1 using a circuit on an FPGA. The numbers that fail to be
verified by overflow are reported to the host PC. The host [11]
PC verify those numbers using unlimited bits operations by [12]

software.

[10

(4]

(8]

(9]

]

We have implemented 24 coprocessors on the Vertex |1 [13]
family FPGA XC2V3000-4. The experimental results show
that our hardware-software cooperative approach can ver-
ify 2.89 x 10° numbers per second, and attains a speed-up

factor of more than 15 over the software approach.
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Figure 5. The ratio R(p,b) of overflow for a p-bit integer on the b-bit architecture

Table 2. The computing time for verifying Collatz conjecture

Computing| The number of verified Speed-up
Time | numbers per second

Software approach 5517.67 seq 1.87 x 108 -

Hardware-software cooperative approach357.17 sec 2.89 x 107 15.45
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add
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Az41,B7,0),(Az41,B6,0),(Az41,B5,0),(Az41, By, 1),
Az41,B3,1),(Az41, B2, 1),(Az41,B1,1),(Az41, By, 0)
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Azy2,B3,1),(Az42,B2,1),(Az42,B1,0),(Az2, By, 0)
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Azy3,B7,0),(Az43,B6,1),(Az43,B5,1),(Azy3, By, 1

Azys,Bs,1),(Az43,B2,0),(Az43,B1,0),(Az43,Bo,0)}

Step1 000000 40000000000000O
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<A,Br0> | <A,Be0> | <A,Bs0> | <A,Bs0> | <A,Bs1> | <AuByl> | <A,By1> | <A,Bo1>
<Py1/B7,0> | <Ay1B6,0> | <Ay 850 | <Ay Ba1> | <AnyBal> | <Ay B 1> | <Ay By 1> | <Ay;,Bo0>
<Az.2B7,0> | <A;,2,B6,0> | <A;.Bs,1> | <A;,5Ba1> | <AupBs 1> | <A,,B215 | <A,,,B,,0> | <A,,,,B0,0>
<Py3,B7,0> | <Ay,3,Be,1> | <Ay,Bs1> | <AysBa 1> | <Ay Bal> | <AyyBy0> | <A,,.B,05 | <A,,;,B0,0>

<A,,Bg,0> | <A,Bg,0> | <A,B7,0> | <A,Bg,0> [ <A,,Bs,0>
<A,Bs,0> | <A.,B3,0> | <A,,B,,0> | <A,,B;,0> | <A,,Bo,0>
<A,,Bs,0> | <A,Bg,0> | <A,B7,0> | <A,Bg,0> | <A,,Bs,0>
<A,,Bs,0> | <A,B;,0> | <A;B;,0> | <A,B;,0> <A,Bo,0>

[<cms(0)> [ <cMs(0)> | <cMi(0)> [ <cMo(0)> [ <cMs(0)> |

\ [<cMa(0)> [ <cms(0)> [ <cmaf0)> [ <ems(o)> | <cmo(0)> | /
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[(Az,B4,0)m_ada — [ m_add
[(Az,Bs,0m_add — [ ]m_add
[(Az,B6,0)]m_adda — [ lm_add
[(Az,B7,0)lm_adda — [lm-add
[(Az41,B0,0)m_add — []m_add
[(Az41,B5,0)m_add — [ ]m_add
[(Az11,B6,0)]m_ada — [ lm_add
(Az11, B7,0)m_ada = [ lm_add
[(Az42,Bo,0)m_add — [lm_add
[(Azi2, B1,0m_ada — [ ]m_add
[(Azi2, B6,0)|m_ada — [ lm_add



[(Az+2,B7,0)lm_ada — [lm_add (B2,1)(B2,1) — (Bs,1)
[(Az+3,B0,0)lm_add = [Im_add (B3,1)(Bs3,1) — (Ba,1)
[(Az+3,B1,0)lm_add = [Im_add (B1,1)(Bs,1) — (Bs,1)
[(Az+3, B2, 0)|m_ada  — [lm_ada (Bs,1)(B5,1) — (Bs,1)
[(Az+3,B7,0)lm_ada — [lm_add
(A7, By1) — O (By,1) (CMo(1)) — (CMo(2))
T ’ (CMi(1)) — (CM:(2))
(Az,B1,1) — 0O (By,1)
(Az7,Bs,1) — O (B, 1) :
(Az,B3,1) — 0O (Bs,1) (CMy(1)) — (CMy(2))
(Az41,B1,1) — 0O (B, 1)
(Az41,B2,1) — 0O (B, 1) ﬁ_add
(Azy1,B3,1) — DO (Bs,1) <Be,1> | <Bs,1> | <Ba,1> | <Bs,1> | <By 1> [ <Bo,1> |
<Az+1, B4, 1> - 0O <B4’ 1> <Bg, 1> <By,1> <By,1>
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(Az42,B3,1) — 0O (Bs,1) <A,Bo,0> | <A_B4,0> | <A_B,,0> | <A_Bq,0> | <A_Bs,0>
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(Azy4s,Bs,1) — 0O (Bs,1) <CMo(2)> | <CMa(2)> | <CM(2)> | <CMo(2)> | <CMs(2)>
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(Az43,Bs,1) — 0O (Bg,1) 014: (1-2)0000 10000000000
<OMO(0)> - <CMO(1)> 0000 4000000000000D00O00O0
(M) — (CM(1)) 015000000000

<B271><BQvl> — <B371>
(B1,1)(Bas,1) — (Bs,1)
(Bs,1){Bg,1) — (B7,1)

ﬂ add \
|<B.~,,1> <Bs,1> | <B4, 1> | <B3,1> | <B,,1> | <Bs,1> <Bo,1>|

(CMo(2))
<Bs,1> | <B4, 1> | <B3,1> | <B,,1> | <B;, 1>
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+
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Vziij €{0,1}}
U{<AP’B]'?VP7]'>7<Aanj7Vq,j>a
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A Biased k-Random Walk to Find Useful Files
in Unstructured Peer-to-Peer Networks

Hiroo Kitamura

Satoshi Fujita

Hiroshima University, Japan

Abstract

In this paper, we consider a problem of finding “use-
ful” files matching a given query in unstructured P2Ps.
The proposed scheme is a variant of k-random walk,
which combines a synchronization mechanism proposed
by Lv et al. with a mechanism to evaluate the useful-
ness of discovered files. In addition, we apply a variant
of popularity-biased k-random walk to accelerate the file
search in normal k-random walk under uniform distribu-
tion. The goodness of the scheme is evaluated by simula-
tion. The result of simulations indicates that the proposed
biased k-random walk scheme certainly finds useful files
in short time, without significantly increasing the number
of message transmissions.

Keywords: Unstructured P2P, k-random walk, useful-
ness of file, file search.

1 Introduction

Recently, unstructured Peer-to-Peer (P2P) systems have
attracted considerable attentions as a way of sharing in-
formation among several computers (i.e., peers) in dis-
tributed networks. In contrast to structured P2Ps [2, 10,
11, 13, 14, 15], which have a systematic way of forward-
ing a given query to a peer holding an index to a target
file, a key issue in designing unstructured P2Ps is how to
quickly identify the location of a target file with as small
number of message transmissions as possible.

Most of conventional file search schemes for unstruc-
tured P2Ps are based on the notion of uncontrolled
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query propagation such as flooding and random walk.
A flooding-based scheme could find a number of files
matching a given query in a relatively short time, although
it needs a large number of message transmissions com-
pared with a simple random walk. The number of mes-
sage transmissions of both schemes could be reduced by
appropriately setting TTL (Time-To-Live) to each query,
while it restricts the location of peers from which the re-
quester can receive the search result to a small portion of
the network centered at the requesting peer.

In general, a user of a P2P file sharing service is in-
terested in finding a “useful” file matching a given query.
There may exist several ways of defining usefulness of
files in real applications, such as the generation time (e.g.,
a newer file is better), existence of certification, reputa-
tion on the contents, and reputation on the contents holder
(e.g., a user does not want to download a file from suspi-
cious users). Let us consider a search of files (e.g., free-
software) in a P2P file sharing service; i.e., consider a
collection of files each of which is attached a set of tags
representing attributes of the file. A query given by a
user designates a tag attached to the target file (e.g., au-
dio_and_video or utility), and given such query, we can
imaginarily consider a set of files matching the query as
a candidate for the search result. The problem we want
to consider in this paper is stated as the problem of se-
lecting files with high usefulness from such candidates
(e.g., matching files recommended by many users), with
as small number of message transmissions as possible.

In this paper, we propose a scheme to solve such file
search problem. The proposed scheme is based on a par-
allelized version of random walk, which is known as k-
random walk in the literature [9]. Note that, although a
simple extension of a flooding-based scheme could find



several useful files in a small region of the network cen-
tered at the requesting peer, it is difficult to select an ap-
propriate value of TTL without enough knowledge about
the target domain. On the other hand, although a naive ex-
tension of random walk could also find useful files by con-
tinuing a file search until it finds a matching result with
high usefulness, such scheme takes a long time since it is
essentially sequential.

The key idea of our proposed scheme is to use a variant
of k-random walk as the basic scheme, and to combine
it with a synchronization mechanism proposed by Lv et
al. [9], and a mechanism to evaluate the usefulness of
discovered files. In addition, we apply a popularity-biased
k-random walk [16] to our scheme in order to accelerate
the speed of a file search process compared with normal
k-random walk under uniform distribution.

The performance of our scheme is evaluated by simu-
lation. The result of simulations indicates that the pro-
posed scheme certainly finds useful files in short time,
without significantly increasing the number of message
transmissions. More concretely, the usefulness of discov-
ered files is much higher than files discovered by conven-
tional schemes, which could not be attained by the pre-
vious scheme even by increasing the number of walkers
and/or TTL of the transmitted query.

The remainder of this paper is organized as follows.
Section 2 overviews related work. Section 3 describes our
proposed scheme, and the result of simulations is summa-
rized in Section 4. Finally, Section 5 concludes the paper
with future problems.

2 Related Work

2.1 Basic Schemes

Conventional file search schemes for unstructured P2Ps
can be classified into two categories; i.e., flooding-based
schemes [3, 12] and random walk [1, 7]. Let s be the orig-
inator of query q (q is referred to as a “walker” in random
walk). A flooding of q to peers in a network proceeds as
follows:

FLOODING_BASED_SCHEME

Initialization: At first, peer s initializes TTL of the
query to an appropriate positive constant, and transmits it
to all neighbors of s.

Matching: Upon receiving query ¢ from a neighbor v,
a peer u checks if it owns a file matching the query. If it
owns, u sends a reply message to s and stops the propa-
gation of the query. Otherwise, it executes the following
forwarding step.

Forwarding: If the TTL of ¢ is zero, peer u simply
discards the received query. Otherwise, v forwards g to
all neighbors except for v after decrementing its TTL by
one.

It is well known that the performance of flooding-based
schemes depends on the initial value of TTL; i.e., a large
TTL attains a high hit rate while it significantly increases
the network traffic, where a hit rate is the percentage of tri-
als which find a file matching the given query. In general,
we have to use relatively large TTL to keep a sufficiently
high hit rate (e.g., 90%), which indicates that the traffic of
flooding-based schemes is usually high.

On the other hand, a random walk circulates a “walker”
in the network until it finds a matching file or it reaches
a predetermined TTL. Concrete procedure is described as
follows:

RANDOM_WALK

Initialization: At first, peer s initializes TTL of the
walker to an appropriate positive constant, and transmits
it to a random neighbor of s.

Matching: Upon receiving query ¢ from a neighbor v,
peer u checks if it owns a file matching it. If it owns, u
sends a reply message to s and stops the propagation of
the query. Otherwise, it executes the following forward-
ing step.

Forwarding: If the TTL of g is zero, peer u discards
the received query, and if it is positive, u forwards ¢ to one
of randomly selected neighbors except for v after decre-
menting its TTL by one.

2.2 k-Random Walk

In general, the hit rate of random walk is not as high as the
hit rate of flooding-based schemes, while it significantly
decreases the number of message transmissions compared
with flooding-based schemes. Such drawback of random
walk can be overcome by increasing the number of walk-
ers from one to k. Such scheme is referred to as k-random
walk in the literature. In the k-random walk proposed in
[9], k walkers are independently circulated among peers,



and in order to reduce the number of message transmis-
sions, those walkers are controlled via a synchronization
mechanism called checking.

More concretely, checking is a task of asking the origi-
nator of a random walk whether or not a target file match-
ing the query has been found. If such file has been found,
walkers immediately terminate their search process even
if there remains TTL. Each walker periodically executes
such checking. Let c denote the cycle of checking. The
effect of checking to reduce the number of redundant mes-
sage transmissions increases as decreasing c, while it also
increases the cost for the checking.

A file search based on k-random walk with checking
proceeds as follows:

k-RANDOM_WALK

Initialization: At first, peer s initializes TTL of each
walker to an appropriate positive constant, and for each
walker g, s transmits it to a random neighbor of s.

Matching: Upon receiving walker ¢ from a neighbor
v, peer u checks if it owns a file matching it. If it owns,
u stops the circulation after sending a reply message to s,
and otherwise, it executes the following forwarding step.

Forwarding: If the TTL of ¢ is zero, peer u simply
discards the received query, and if it is positive, s executes
the following operation:

1. If the TTL of ¢ is a multiple of ¢, u sends an in-
quiry message to s asking whether a target file for
the query has been found. If it has been found, s
stops the search process of u by sending a termina-
tion message. Otherwise, it asks u to continue the
search process.

2. If it is not terminated by s, u forwards ¢ to a random
neighbor of u after decrementing the TTL by one.

It is shown that the number of peers visited by k& walk-
ers within ¢ steps is almost equal to the number of peers
visited by one walker within kt steps [9]. It implies that
the search time of a k-random walk linearly decreases as
increasing the number of walkers provided that the spatial
distribution of target files is uniform; i.e., by appropri-
ately tuning parameter k, we could obtain a scheme which
finds a target file in short time, while keeping the number
of message transmissions relatively small. Unfortunately
however, such naive extension of random walk can not

be directly applied to the problem of finding useful files,
since it immediately stops k& walkers after finding the first
matching file regardless of the usefulness of the discov-
ered file. Such a behavior of the scheme looses a chance
of finding highly useful files, since the probability of find-
ing the most useful file as the first matching one is not very
high, in general.

2.3 Popularity-Biased Random Walk

Recently, Zhong and Shen proposed a variant of k-
random walk, in which the probability of selecting the
next peer is biased according to the popularity of files and
the hit rate [5, 16]. Let d; denote the number of neighbors
of peer ¢, and p; be the number of hits at peer ¢ divided
by the number of visits to peer ¢ (i.e., p; denotes a kind
of success rate). Then, the probability that ¢ selects its
neighbor j as its next peer, denoted by P; ;, is determined

as follows:
k (1/2d;)\/pj/pi otherwise.

Note that since \/p;/d; > /p;/d; implies \/p;/p; <
d;/d;, we have P; ; < 1/2d; for any i; i.e., Zj P ; <
d; x (1/2d;) = 1/2 [4]. This implies that peer ¢ selects
itself as the next peer (i.e., self-loop) with probability at
least 1/2, and such probability increases if it has many
neighbors whose success rate! is lower than that of peer
1. The remaining part of the scheme is similar to [9], i.e.,
the number of walkers is fixed to k and the circulation of

walkers is synchronized by checking.

3 Proposed Method

3.1 Usefulness of Files

In this paper, we assume that the usefulness of a file is
represented by a vector in a coordinate space, where each
axis in the coordinate space corresponds to a metric rep-
resenting the usability, reliability, and the availability of
the file. More concretely, in this paper, we will consider
the following five metrics:

"More precisely, it is success rate normalized by a square of its de-
gree.



e Generation time of a file, e.g., a newer file is more
useful if they are given the same set of tags.

e File size, i.e., a file is not useful if the size of the file
is too large (e.g., exceeding 1GB) or too small (e.g.,
empty).

e Existence of authorized certification, where certifi-
cation is graded by the time stamp; e.g., a file with
old certification is less useful than a file with new
certification.

e Reputation on the contents [6, 8], which will reflect
the popularity of the file.

e Reputation on the contents holder, which is neces-
sary to avoid download from suspicious users.

In order to compare the usefulness of two files, we in-
troduce the following five classes of evaluation functions;
i.e., 1) projection (i.e., ignore other metrics except for spe-
cific one), 2) count (i.e., the number of metrics whose
value exceeds a predetermined threshold), 3) vector (i.e.,
element-wise comparison of vectors), 4) lexicographical
order, and 5) weighted sum.

3.2 Basic Procedure

In this subsection, we propose a procedure to find a useful
file matching the given query by circulating k& walkers.
Concrete procedure is described as follows:

PROPOSED_SCHEME

Initialization: At first, peer s initializes TTL of
each walker to an appropriate positive constant, and for
each walker, s transmits it to a neighbor which is se-
lected according to a predetermined probability as in the
popularity-biased random walk (details on the transition
probability will be described in the next subsection).

Matching: Upon receiving query g from a neighbor,
peer u checks if it owns a matching file which is more
useful than the most useful file discovered so far (such
information is acquired via checking). If it owns such
file, u sends a reply message to s with the usefulness of
the discovered file (the circulation process does not stop
at this time unlike k.-RANDOM_WALK).

Forwarding: If the TTL of g is zero, peer u discards
the received query, and if it is positive, s executes the fol-
lowing operation:

(b) Round 2.

X

i

(¢) Round 3.

Figure 1: Running example of the proposed scheme.



1. If the TTL of ¢ is a multiple of ¢, u sends an inquiry
message to s to acquire the usefulness of the most
useful file discovered so far. If a file with sufficiently
high usefulness has been found, s stops the walker
by sending a termination message to u. Otherwise, it
returns the usefulness of the (currently) most useful
one to u.

2. If it is not terminated by s, u forwards the walker
to a neighbor after decrementing the TTL by one,
where the next peer is selected according to a prede-
termined probability.

Example: Figure 1 illustrates a running example of the
proposed scheme, where each circle represents a peer and
a gray circle represents the originator of a k-random walk.
The number of walkers is fixed to three, and the checking
cycle is set to one (i.e., each walker communicates with
the originator for every round to report the current status
to the originator). The usefulness of files is represented
by a vector of size two such as (4, 3) and (1, 2), where we
assume that a larger value indicates a higher usefulness.
Now, let us consider a case in which the search process
terminates when it finds a file of usefulness of (4,4) or
more. In this example, a walker finds a file of usefulness
(4,5) in the third round. Such information is collected
to the originator immediately after the round (since we
are assuming that the checking cycle is one), and after
receiving it, the originator sends a termination message to
all walkers to stop the search process.

3.3 Transition Probability

As the transition probability of walkers, we propose the
following three schemes. In the following, we use sym-
bol Pi’fj to denote the probability that peer i selects its
neighbor j as its next peer in the search of useful files
concerned with the k" metric of the usefulness.

e The first one is a simple extension of Zhong and
Shen’s popularity-biased k-random walk (we call it
Simple hereafter). Let p¥ denote the number of hits
at peer ¢ concerned with the kth metric (i.e., the num-
ber of visits of the peer which find a matching file at
the peer such that the usefulness of the file concerned
with the k' metric exceeds a predetermined thresh-
old) divided by the number of visits to peer 7 (note

that p; < >, pF). Then, probability P} is deter-
mined as follows:

i,j (U%‘M/M otherwise.

where d; denotes the degree of peer i.

ph/d;

e The second idea is to limit the number of repetitive
selection of a self-loop by at most two; i.e., in the
first two steps, it follows the probability used in Sim-
ple, but if it selects itself as the next peer in both of
the first two steps, in the third step, it conducts a (bi-
ased) coin toss until one of its neighbors is selected
as the next peer. In the following, we refer to the
resultant scheme Limit.

e The third idea is to replace the denominator of the
probability p¥ by the number of intentional visits to
peer ¢. Note that it would exclude the effect of ran-
dom visits from the evaluation of the hit rate. In the
following, we refer to the resultant scheme Inten-
tion.

Finally, if a user is interested in two metrics ki and ko,
it simply takes an average of the probabilities concerned
with those metrics in selecting the next peer in the biased
random walk, i.e., the probability of selecting j as the next
peer of ¢ is determined as

p . P + P
1,7 *f7

which is truncated in scheme Limit and the denominator
of the hitting rate is refined in scheme Intention.

4 Evaluation

In this section, we evaluate the performance of the pro-
posed scheme by simulation.

4.1 Simulation Model

In the following, we consider an unstructured P2P consist-
ing of 1000 peers, in which edges are placed randomly in
such a way that an average degree of each peer is 10. In
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Figure 2: Result for single metric.

each run of the simulation, we randomly select an orig-
inator, and the originator issues a query requesting for a
target file according to the Zipf’s law; i.e., the probability
of selecting the 7** popular file is proportional to (1/7)?,
where « is a real called Zipf’s parameter?. In the follow-
ing, without loss of generality, we assume that a file with
smaller sequence number has a higher popularity. TTL of
a random walk will be varied from 8 to 28, and the cycle
for checking is fixed to five (in the following figures, we

2The result of experiments conducted by Sripanidkulchai indicates
that the value of o should be selected from 0.6 to 1.2, and Zhong and
Shen [16] indicates that the effect of popularity-biased random walk be-
comes significant for large . Hence in the following, we fix o to 1.2.

fix the TTL to 14). The number of walkers is varied from
= 1to 10.

We prepare 5000 files, each of which is assigned a se-
quence number from 1 to 5000, and is associated with
two kinds of usefulness A and B. The grade of each met-
ric ranges from 1 (least useful) to 5 (most useful), and we
assume that grade 4 is the threshold to terminate a search
process. In the following, we often represent the useful-
ness of a file as a vector of length two; i.e., (x,y) means
that the usefulness of the file concerned with metrics A
and B is x and vy, respectively.

The performance of each scheme is evaluated in terms
of the following three metrics (each value described below
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is an average over 10000 runs):

e The usefulness of most useful files discovered by a
search process.

e The number of messages which are transmitted dur-
ing a search process.

e The number of rounds required for finding a target
file of sufficiently high usefulness.

4.2 Single Metric of Usefulness

At first, we evaluate the performance of the proposed
scheme for a single metric A. Usefulness of files is deter-

mined as follows: 1) 10% of given 1000 peers hold files
matching the given query, 2) 15% of them holds matching
files with high usefulness of 4 or more, and 3) the remain-
ing peers hold matching files with usefulness of 3 or less.

Figure 2 illustrates the result for TTL=14. The useful-
ness of discovered files is certainly improved by spending
more time and more message transmissions similar to the
previous scheme. Among three proposed schemes, the
impact of Limit to the usefulness of the discovered files is
more significant than the other two schemes; i.e., the use-
fulness of discovered files increases by 17%, while the
number of transmitted messages increases by 59% and
the number of rounds increases by 41% compared with
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Figure 4: Result for strong correlation.

the previous scheme. On the other hand, the difference
between Simple and Intention is not large, and in both
schemes, the usefulness of files increases by 8%, while
the number of transmitted messages increases by 30% and
the number of rounds increases by 26% compared with
the previous one.

4.3 Correlated Usefulness

Next we evaluate the performance of the schemes for two
metrics A and B, by focusing on the strength of corre-
lation between them. We separately consider two cases,
i.e., the case of weak correlation and the case of strong

correlation.

The setting for a weak correlation is determined as fol-
lows: 1) the grade of two metrics given to each file can
differ by at most two, 2) 10% of given peers hold files
matching the given query, 3) 15% of them holds match-
ing files with high usefulness of 4 or more, and 4) the re-
maining peers hold matching files with usefulness of 3 or
less. The coefficient of the resultant correlation between
two metrics is 0.43.

Result of simulation is summarized in Figure 3, where
we fix TTL of the schemes to 14, as before. The figure in-
dicates that the impact of the proposed scheme is slightly
enhanced by considering a weak correlation of two met-



rics. In Limit, the usefulness of files increases by 20%,
while the number of transmitted messages increases by
54% and the number of rounds increases by 41% com-
pared with the previous scheme. In Simple and Intention,
the usefulness of files increases by 8%, while the number
of transmitted messages increases by 28% and the number
of rounds increases by 26% compared with the previous
one.

Such effect of enhancement is increased by increasing
the strength of correlation, as shown in the Figure 4. The
setting for a strong correlation is determined as follows:
1) the grade of two metrics given to each file can differ
by at most one, 2) 10% of given peers hold files match-
ing the given query, 3) 15% of them holds matching files
with high usefulness of 4 or more, and 4) the remaining
peers hold matching files with usefulness of 3 or less. As
aresult, the coefficient of correlation between two metrics
becomes 0.77.

As shown in the figure, such a strong correlation gains
the effect of improving the performance of the proposed
scheme. In Limit, the usefulness of files increases by 22%,
while the number of transmitted messages increases by
48% and the number of rounds increases by 37% com-
pared with the previous scheme. In Simple and Intention,
the usefulness of files increases by 10%, while the number
of transmitted messages increases by 24% and the number
of rounds increases by 22% compared with the previous
one.

S Concluding Remarks

This paper proposed a distributed scheme to find useful
files in unstructured P2Ps. The proposed scheme is a vari-
ant of k-random walk with cyclic synchronization, and it
applies a popularity-biased k-random walk to accelerate
the search process.

Our future work is as follows: 1) We should reduce the
cost of the proposed scheme (i.e., the number of messages
and the number of rounds) since it is greater than Zhong
and Shen’s original scheme which does not consider the
usefulness of discovered files; 2) We should combine the
proposed scheme with an appropriate reputation system
since a part of usefulness should be imported from such
reputation systems; 3) We need to examine the effect of
network topology to the performance; and 4) We have to

conduct extensive simulations including cases with sev-
eral metrics combined with different evaluation functions.
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Parallel Sampling Sorting on the Multicore Processors
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1 Introduction

Sorting, a process of arranging elements of a list in
a certain order, is one of the most important tasks
in computer science. We can find its applications in
many fields, such as database operations, image pro-
cessing, statistical methodology and so on. Hence
many sequential sorting algorithms have been stud-
ied in the past. Several parallel sorting algorithms
such as parallel merge sort [2], bitonic sort [3] and
parallel radix sort [4] have been devised. In this pa-
per, we present a new sampling based parallel sort-
ing algorithm for the multicore processors. The al-
gorithm is based on a parallel k-merge algorithm on
the PRAMs [1].

The idea behind our parallel sorting algorithm is
simple. Samples are selected from an input sequence,
and the range of the input sequence is determined by
sorting samples. Threshold values are chosen from
the sorted samples and threshold values are used
to divide the input sequence into several buckets.
We will obtain a sorted sequence by sorting each
bucket. So, in order to achieve good loading bal-
ance for each bucket, we need to choose appropriate
threshold values to divide the input sequence into
equal-sized buckets.

2 Partition Keys using Samples

In this section, we will show that how to choose ap-
propriate threshold values from the sorted samples.

Let A = (ag,a,...,an—1) be a sequence of keys
stored in a memory to be sorted. We partition A into
p blocks B; (0 < i < p—1) of the same size such that
B, = <a,;.%,ai.%+1, ...,a(,;+1).%_1>. Suppose that
each block B; (0 < i < p—1) is sorted independently,
and B; = (b; 0,bi 1, .-, bi%_l) denotes the sorted se-
quence thus obtained. For the arbitrary integer k& >
0, we further partition each sorted block B; (0 < i <
p —1) into pk sub-blocks B; o, B; 1, ..., Bi pk—1 such
that Bi,j = <bi,j< pgk 5 bi,j'ﬁ+1v ceey bl,( j+1).£7k,1>.
Clearly, each B;; has p’z—Lk keys. Let C; de-
notes the sequence of keys obtained by pick-
ing the minimum key from each of the sub
blocks Bj 0, Bi1,..; Bi pk—1 In other words,
Cl' = <bi’0. pvzbk s bi,1~ pgk g eeey bi’(pkfl)'ﬁ>' Let C
denotes the combined sequence of Cy,Ch, ...,Cp_1.
Since each C; has pk, C has p’k keys. Let
(co, €1, ...y cp2g—1) denote the sorted sequence of C.
In other words, ¢ < ¢1 < ... < ¢p2i_1 holds.
We pick every pk keys from sorted C. Let D =
(do,d1,...,dp—1) be the sequence thus obtained. In
other words, d; = ¢;.px (0 < ¢ < p—1) holds. We use
keys in D as threshold values to partition elements
in A. Let A; (0 < ¢ < p—1) denotes a set of val-
ues such that A; = {z € A|ld; < z < d;41}, where
d, = +o00. By sorting keys in each A; independently,
we can obtain the sorted sequence of A.

Now we can prove that the number of keys in
A; are well balanced as follows. Let D; = {x €

Cld; <o < dip1}={Cipk,Ciopkt1, s C(i+1)-ph—1} -
Clearly, each D; has pk keys. Further, let D; ; =
B;NDj;and A; ; = B;NA; . In general, we have

n
P’k
Thus, we can compute the upper bound of the num-
ber of keys in A; as follows:

p—1
> 1A

| Aij | < (I Dij|+1) 1 (1)

| 4; | =
i=0
p—1 n
< Z((lDi,j|+1)Tk_1)
i=0 p
n
= (Pk+p)Tk—
n n
> ok (2)

Thus, we have the following important lemma.

Lemma 1 Each 4; (0 < ¢ < p — 1) has no more
than % + ;—2 — p keys.

Note that, if A is equally partitioned into p groups,
each of them has % keys. It follows that, A; may

have at most - —p additional keys, and the number
of additional keys decreases as k increases.

3 Parallel Sampling Sorting

We assume that input n keys are stored in array A.
The outline of our sorting algorithm for p processors
is as follows:

Step 1 Partition A into p groups and let each pro-
cessor sorts each corresponding group. FEach
processor selects pk (k is an arbitrary integer)
samples from corresponding group.

Step 2 Select p threshold values do,ds,...,dp—1
from sorted samples. Partition A into p new
groups Ag, A1, ..., Ap_1 using threshold values

such that A; = {o € Ald; < x < d;+1}, where
dp = +o0.

Step 3 Sort keys in each group A; using one pro-
cessor per group independently.

Let P(i)(0 <4 < p—1) denote a processor i. We

assume that the parallel sorting algorithm stores the

sorted n keys in array R. The details of the parallel
algorithm are spelled out as follows:

Step 1.1 Partition A into p groups By, B1, ..., Bp—1
and sort each group B; (0 < ¢ < p — 1) using
P(i). This can be done in expected O(Jlog?)
time using the quick sort.



n p | Step 1 [s] | Step 2 [s] | Step 3 [s] | Total time [s] | Speed-up
10,000,000 | 1 - - - 2.229482 1.0
2| 1.07845 | 0.000026 | 0.074748 1.153226 1.93
4 | 0.51858 | 0.000046 | 0.052057 0.570686 3.90
8 | 0.28592 | 0.000122 | 0.038356 0.324406 6.87
100,000,000 | 1 - - - 25.56230 1.0
2 | 12.3892 | 0.000059 | 0.750054 13.13940 1.94
4 | 6.12791 | 0.000151 | 0.528196 6.656263 3.84
8 3.43506 0.000513 | 0.357294 3.792863 6.73

Table 1: Performance of parallel sorting random 32-bit unsigned integers

Step 1.2 We use an array of size p?k to store C.
Each P(i) picks every p;—tk keys in B; and copy
them to the array for C' in obvious way. It takes
O(pk) time.

Step 2.1 Sort keys in C' using parallel sampling
sorting algorithm recursively. Since keys in
each Cy,C1,...,Cp_1 are sorted , so we just
select p local samples from each C; and sort
this p? samples using P(0). After that, we
recursively execute the parallel sampling sort-
ing algorithm from Step 2.2 . This will takes

O(plogpk + pklogp + p?logp) time.

Step 2.2 Processor P(0) picks every pk keys in C' as
threshold values dg,ds, ...,d,—1. It takes O(p)
time.

Step 2.3 Let s; ; (0 < 4,5 < p— 1) be the mini-
mum index of a key in B; satisfying b; s, , > d;.
Clearly, Ai,j = {bi,si,j7bi,si,j+1a"'abi,sfz,]‘+1—17}
holds, where s;,, = 7. Each P(i) (0 < i < p—1)
computes the values of s; 0,5 1, ..., Si,p—1 Using
the obvious binary search. It can be done in
O(plog?;) time.

Step 2.4 Clearly, A; ; has s; j+1 — s;,; keys. Each
P(j) (0<j <p—1) computes [Ag,;| + A1 ;] +
. + |Ap_1, 4], which is equal to |A;|. After
that, P(0) computes the prefix sums a; =
|Ag|+|Ai|+...+]A;| foreach j (0 < j <p—1).
This can be done in O(p) time.

Step 3 Let R; be a subset of array R such that
R; consists of |A;| elements from a; — th el-
ements of R. Each P(j) (0 < j <p—1) sort
sub-array R; independently. Note that, 2, con-
sists of Ag j, A1 j,..., Ap—1,j. Also, each 4, ; is
sorted. Hence, the sorting of R; can be done
by merging Ao ;, A1 j,...,Ap—1,;. According to
Lemma 1, each R; (0 < ¢ < p— 1) has no more
than % + ﬁ —p keys. So, this step can be done

in expected O(% + %) time.

From the algorithm, we have:

Theorem 2 Sorting of n keys can be done in
O(%log% + plogpk + pklogp + % + p?logp +
plog%) time using p processors.

Note that, if p < n and k < n , then the com-
puting time is O(%). Since the sequential sort-
ing takes O(nlogn) time, our algorithm achieves the

speed up of factor p using p processors. Therefore,
our parallel sorting algorithm is optimal.

4 Experimental Results

We have implemented our parallel sorting algorithm
in a Linux server with two Intel quaed-core proces-
sors (i.e. eight processors cores) and evaluate the
performance. The software has implemented in C
language with OpenMP.

Table 1 shows the performance of our implemen-
tation when random 32-bit unsigned integers are
sorted. The performance evaluation has been car-
ried out for £ = 100 (when the number of input keys
is 10,000,000) , £ = 1000 (when the number of input
keys is 100,000,000) and different values of n and
p (n represents the number of the input data and
p represents the number of using processing cores).
Note that in Step 1, if p = 1, the implementation
performs only sequential quick sorting for the whole
input data.

The experimental results show that our parallel
sorting algorithm is 6.87 times faster than sequential
sorting. Since the speed up factor cannot be more
than 8 if we use 8 cores, our algorithm is close to
optimal.
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Abstract

In this paper, we propose a user management system for net-
worked consumer electronics (nCE). The proposed system ex-
tends Tokunaga’s hybrid P2P system in such a way that the
inquiries concerned with client peers submitted by service-
provider peers are handled by several authentication proxies in-
stead of a centralized management peer, although client peers
still have to register themselves to the centralized server. A
prototype of the proposed system is implemented using JXTA
framework, and is evaluated via experiments. The result of ex-
periments indicates that the proposed system certainly reduces
both the load of the centralized server and the time required for
the authentication process.

Keywords: Networked consumer electronics, user authentica-
tion, P2P, JXTA, multicasting.

1 Introduction

According to the recent advancement of information technolo-
gies, networked consumer electronics (nCE) have attracted
considerable attentions in recent years as convenient tools that
support us to enrich our daily life [1]. In nCE applications,
several consumer devices such as digital audio-visual equip-
ment, air conditioners, and lighting equipment are integrated
with various kind of security equipment such as intercoms and
electronic locks through a communication network, which en-
ables a remote access to foregoing equipment and devices.

Currently, various kinds of communication standards are
used in nCE, including Bluetooth, IEEE 802.11a, HSPA (High
Speed Packet Access), HD-PLC (High Definition Power Line
Communication), and others. Such a diverseness of standards
makes it difficult to directly connect those devices in organiz-
ing an integrated network. Hence, in order to promote the use
of nCE, we need to develop a common framework that enables
anybody to easily construct and maintain an nCE application.
In [2], we proposed a network architecture to support such a
task of system designers in Peer-to-Peer (P2P) environments.
The proposed architecture is based on JXTA framework [3,4,5],
and we implemented a prototype system to demonstrate the ef-
fectiveness of our architecture in actual nCE applications.

A key issue in realizing nCE applications over a P2P net-
work is how to provide such network services to users in a
secure and safe fashion, since the lack of centralized control

*Corresponding author.
T Department of Information Engineering, Hiroshima University,
Kagamiyama 1-4-1, Higashi-Hiroshima, Japan

in P2P networks generally increases the risk of vulnerability
against attacks and the problem of free riders. The architecture
proposed in our previous paper is a hybrid P2P, in which an au-
thentication and access control over the network are conducted
in a centralized manner, whereas actual services (i.e., commu-
nication between service-providers and users) are conducted in
a P2P manner. More concretely, it adopts a special peer called
a management peer (MP) to manage information on all peers
in a network to realize an efficient authentication of such peers.
In addition, it prepares a caching mechanism in each peer to
reduce the number of inquiries submitted by those peers to the
MP.

Such a centralized approach certainly overcomes the security
issue in a P2P network, and would work well if the number of
participant peers is relatively small. However, it could not be
scaled since such an authentication process heavily relies on the
MP, although the load of the MP could be (slightly) reduced by
adopting a caching mechanism. For example, in our prototype
system reported in [2], a join of peer to a group of subscribers
of a service (i.e., a peer group), takes 4,894 ms, which is much
longer than the time required for finding a demanded service in
the network.

In this paper, we propose a new authentication scheme to re-
duce the load of the MP. The basic idea of the scheme is to
partition the tasks of the MP into two sub-tasks, i.e., response
to clients and response to service-providers, and distribute the
latter sub-task among several peers called authentication prox-
ies (APs). We implemented the proposed scheme using JXTA
framework, and conducted experiments to evaluate the impact
of the load balancing to the overall performance. The result of
experiments indicates that to adopt the notion of APs certainly
reduces both of the load of the MP and the time required for an
authentication process.

The remainder of this paper is organized as follows: Section
2 describes an overview of JXTA. Section 3 overviews related
work. Section 4 describes the proposed scheme in detail. The
result of experiments is given in Section 5. Finally, Section 6
concludes the paper with future problems.

2 JXTA

JXTA is a platform for P2P computing which provides a com-
mon set of open protocols and its reference implementations
written in various languages. The protocols are realized in such
a way that it is independent of both programming language and
transport protocols, thus it suits the use in nCE applications.



A JXTA network is built on the top of existing network
transport protocols such as TCP/IP, HTTP, Bluetooth, HSPA,
etc., which may cross network boundaries such as firewalls and
NATs. It allows peers to communicate with each other regard-
less of their locations by providing a unique address, called an
ID, for all peers in the network.

A JXTA network consists of several basic components de-
scribed below:

e A peer is any networked device that implements the core
JXTA protocols. Each peer has a unique ID, and executes
its operation in an independent and asynchronous manner.

e Pipes and sockets are communication channels that con-
nect peers directly. They can be used to send any type of
data including text, images, Java Objects, and others, in
either point-to-point or multicast manner. They also sup-
port secure communications over TLS (Transport Layer
Security).

o Advertisements are used to represent JXTA resources such
as peers, pipes, and services. Each peer discovers re-
sources by searching for their advertisements, and may
cache any advertisements in its local storage.

3 Related Work

3.1 Overview

With respect to the security of P2P networks, several peer-
group admission control architectures have been proposed in
the literature [6,7,8]. In such architectures, a group of peers
subscribing the same service, called a peer group, is organized.
Each client peer willing to subscribe a service first joins the
corresponding peer group to connect with a service-providing
peer. A service is provided to a client peer if the identity and the
authority of the client peer are confirmed either by using some
kind of threshold cryptosystems [9] or by being confirmed by a
special peer that stores the authority list.

Although such an authentication mechanism is provided in
JXTA, it is based on a simple substitution cipher, which is
highly insecure. Additionally, in the original JXTA, account
information is shared among peers by “handing over” the man-
agement information, which causes a serious vulnerability of
the overall application system.

3.2 Tran System

Tran et al. [10] proposed a hybrid P2P architecture to support
a secure user authority management in JXTA networks. Figure
1 illustrates an overview of their system (in the following, we
call it “Tran system”). In order to overcome the vulnerability
of the original JXTA, Tran system introduces a centralized peer,
called a management peer (MP), which plays various roles such
as user authentication, management of peer information, prohi-
bition of illegal access from the outside, and establishment of
secure connections between participating peers.

Each of the other peers acts as a client peer (CP) or a service-
providing peer (SPP). A CP can find an appropriate SPP that
provides a service demanded by its user (e.g., pictures taken
by a security camera and the control of lighting equipment) by

MP (Manager)

Authority
Confirmation

Y
E ! Service ; s j
‘ ded =
?)?\i / Provide \\//\/g\gm-
CP (User) SPP (Service-Provider)
Figure 1: Tran system.
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Figure 2: Basic flow in the Tran system.

asking the MP for a list of reliable SPPs. An SPP in the list
provides its service after receiving a request from the CP, with-
out confirming the CP’s authority, since the advertisement of
the service has been transferred only to those CPs certified by
the MP.

More concretely, a service given by an SPP is provided to a
CP in the following steps (see Figure 2 for illustration):

Step 0 (Authority List) The MP statically holds a user author-
ity list, which assigns each SPP to a subset of CPs that are
allowed to receive its service.

Step 1 (Peer Authentication) Each peer (i.e., CPs and SPPs)
requests the MP to authenticate the peer itself, and re-
ceives a certification from the MP when it succeeds. Note
that the security of the overall scheme is enhanced by pro-
viding these certifications to both of CPs and SPPs.

Step 2 (Service Registration) Each certified SPP registers its
services to the MP. Note that in this system, the MP merely
manages the registered service information (including ad-
vertisements and certifications), i.e., the actual services
will be provided by SPPs in a P2P manner.

Step 3 (Service Discovery) A certified CP requests a list of
available services to the MP. After receiving the request,



the MP replies the advertisements of service pipes con-
necting to SPPs that provide the services available to the
CP.

Step 4 (Providing the Service) When one of the available ser-
vices is chosen by a user via a CP, the CP starts commu-
nicating with an SPP through a service pipe that is associ-
ated with one of the received advertisements.

It should be noted that all of the above pipe communications
could be encrypted after acquiring certifications of the commu-
nicating peers.

3.3 Tokunaga System

In Tran system, the assignments of CPs to SPPs are determined
by the MP statically in a centralized manner. In other words, no
SPP can start a new service unless it was registered to the MP
in advance, and no CP can unsubscribe from a service safely
once it received its service advertisement from the MP. How-
ever, in distributed systems such as nCEs, it should be useful
if the memberships could be controlled dynamically by SPPs.
For instance, let us consider a case in which an SPP provides a
Video-on-Demand (VoD) service to a group of admitted audi-
ence peers. With a dynamic membership control, the SPP can
refuse requests from kids after 8 p.m., without shutting down
the service itself (i.e., access from adults are still accepted).
Another example is an exceptional acceptance of remote ac-
cess to the main cock of gas line in case of emergency such as
earthquake or fire, where (possibly any) CPs must be tempo-
rally admitted by SPPs before recovering the gas line.

In order to realize such a dynamic user authority manage-
ment, we proposed the following functions in [2] (we refer to
the resultant system “Tokunaga system” hereafter):

Confirming the Authority User authority is securely man-
aged by the MP in the way similar to the Tran system.
An SPP admits access to its resources by dynamically re-
ferring to the list of communication keys allowed for that
service, which is managed by the MP. A communication
key is used to ensure the identity of a certified CP.

Service List Updates An SPP can launch a new service and
quit it on itself, whereas the information on each service
is registered to the MP. A CP always can find such a new
service by inquiring to the MP.

In addition, in this system, a caching mechanism at the SPP
is introduced, to enable the service provision without repeat-
edly communicating with the MP. However, it should be noted
that in order to keep the security of the scheme sufficiently high,
the cached keys must be re-authenticated for every adequate
time interval.

The overall configuration of the Tokunaga system is illus-
trated in Figure 3. The difference from Tran system is that SPP
confirms the user authority to the MP before providing a ser-
vice.

| -CP | | “MP | -SPP
[ [
seq J | Req. for Authentication |
| Certification
[ e
_____ d o _T____
| Req. for Authentication | |
Certification |
S——————~—~ m |
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I
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T Req. fq!r Service !
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EEE%“ECE“O_“_"‘_°°E-_CP_>
Service| Provided
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Figure 3: Basic flow in the Tokunaga system.
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4 Proposed Scheme

4.1 Scheme

This section proposes a new authentication scheme for P2P sys-
tems. Figure 4 illustrates an overview of the proposed scheme.
In the proposed system shown in the figure, we introduce a new
kind of peers called authentication proxies (APs) to our previ-
ous system. More concretely, in this system, the authority list
generated by the MP is transferred to APs, which receive and
process inquiries submitted by SPPs as a “proxy.” Note that the
number of APs is not restricted to one, which avoids the sys-
tem to strongly rely on a small number of peers (the details will
be explained later). Also, note that each networked device can
simultaneously play several roles in the proposed system; e.g.,
an AP may reside on a device providing a service as an SPP.

The behavior of each peer in the proposed system is de-
scribed as follows (see Figure 5 for illustration):

Step 1 (Registration) Each CP generates and registers its cer-
tification to the MP. The MP determines the CP’s authority
when it receives a certification. Note that a determination
may come up with a payment for the service, although it
is out of scope of the current paper.

Step 2 (Broadcasting the Authority List) From a collection
of received registration messages, the MP generates an au-
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thority list consisting of the following two tables, where
each entry in the tables is attached a signature of the MP:

ACL: Service ID, Client ID, and one or more validity pe-
riods

Clients: Client ID and Client Certification

The MP broadcasts the generated list to all APs through a
multicast tree, and whenever the authority list is updated,
MP broadcasts the difference to the APs again (it sends the
whole list if the receiver is a newly joined AP). Addition-
ally, the public key of the MP is also transferred to those
APs and SPPs in a secure way.

Step 3 (Storing the Authority List) After receiving (a part
of) the authority list, each AP certifies its entries using
the public key of the MP, and stores a copy of the received
list to its local table.

Step 4 (Service Discovery) A user finds (an advertisement of)
an SPP providing a desirable service using a function pro-
vided by JXTA. This operation could be realized in a P2P
manner, without explicitly sending an inquiry message to
the MP.

Step 5 (Service Request) After finding a desired service, the
user sends a request for the service to the discovered SPP
p through the CP ¢ corresponding to him/her.

Step 6 (Confirming the Authority) After receiving the re-
quest, p first sends an inquiry about the authority of ¢ to
an AP r, with the service ID of p and the client ID of q.
AP r looks for an entry concerned with ¢ in its local table,
and replies p a list of authorities and the certification of ¢,
if any. The received list could be certified by p since it is
attached the signature of the MP. Note that although p can
cache the response from r as in our previous scheme, it is
not critical in this scheme since the response time from r is
sufficiently small as will be evaluated in the next section.

Step 7 (Confirming the Identity) SPP p confirms the identity
of the CP ¢ by a challenge-response authentication. After
receiving a challenge from p, g generates a response to
the challenge using its private key, and sends it back to p,
which is then certified by p using the certification of g.

Step 8 (Providing the Service) If the challenge-response au-
thentication succeeds and the response from AP 7 contains
an entry corresponding to the service, p starts to provide
its service to ¢. The authority expires according to the va-
lidity listed in the ACL. If SPP p detects such expiration,
p informs the fact to ¢, in order to start the next authenti-
cation process.

Note that in the above scheme, MP plays the role of a cer-
tificate authority (CA) in addition to the management of the
authority of users, i.e., it maintains the validity of certifications
of the CPs.

4.2 Advantages

The proposed system has the following advantages compared
to our previous system:

1) At the SPP side: It significantly reduces the load of
the MP, since the handling of inquiries received from SPPs is
handed over to the APs, and the transmission of the authority
list to APs could be realized using a multicast tree (i.e., it is not
necessary for the MP to directly communicate with all APs).
This means that it significantly improves the scalability of the
overall system.

2) At the SPP side: It tolerates the faults of APs since in-
quiries submitted by SPPs can be handled by “any” AP, pro-
vided that all APs have the same authority list redundantly.

3) At the CP side: The role of the MP is restricted to the
management of the authority of CPs and the generation of the
authority list. Thus, by broadcasting the public key of the MP
to APs and SPPs beforehand, we can increase the number of
MPs from one to any k. It would significantly improve the
dependability and the scalability of the overall system, as well
as the fault-tolerance.

4.3 Security and Privacy

In this subsection, we explain the reason why the proposed sys-
tem provides as good security and privacy performances as our
previous system does:

1) MP-AP security: The validity of the authority list received
from MP by APs is guaranteed by the signature of MP attached
to the list.

2) AP-SPP security: The validity of reply messages received
from AP by SPP is certified by the signature of MP held by the
SPP.

3) SPP-CP security: Spoofing of a CP to receive a service
from an SPP is prohibited since it conducts a challenge and
response certification for each service with a public key of the
client. Additionally eavesdropping of a service provided by an
SPP can be avoided since the message transmitted by the SPP is
encrypted using a certification of the receiving client acquired
through the AP.

4) Privacy of CPs: The list of services available to a CP is
not disclosed to the other peers, since each CP can use different
client IDs for each service in the authority list; i.e., any peer
cannot identify CPs from client IDs contained in the authority
list. In other words, the proposed user management scheme
could keep the privacy of each user in the system.
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Figure 6: A screen shot of the prototype MP.

44 Implementation

A prototype of the proposed system is implemented for JXTA
JXSE v2.5 running on Java SE Development Kit (JDK) 6 and
openSUSE 11.0.

A screen shot of the prototype MP is shown in Figure 6. In
this figure, the reader can observe that the authority is added
and modified in the top of the window, and the resultant list is
shown in the bottom of the window.

5 Evaluation

We conducted experiments to evaluate the performance of the
proposed system in two aspects: the loads of peers and the
elapsed time in an authentication process.

5.1 Environment

Parameters are determined as follows: At first, we fix the num-
ber of MPs to one. The MP generates authorities of CPs for
every three seconds, where the validation time of each author-
ity is set to six seconds. The number of APs is ranged from
one to six. Note that the proposed system is equivalent to the
Tokunaga system when the number of AP is one, except that
it connects to the MP instead of the back-end database server.
The number of SPPs is ranged from 5 to 40, and those SPPs are
associated to at most eight PCs evenly so that each PC is associ-
ated with five SPPs. Each SPP connects to an AP, and transmits
a set of 500 inquiries to the AP for every two seconds.

These peers are executed on 15 PCs each with Intel Core2
Duo E6600 2.4 GHz processor and 2 GB RAM equipped,
which are connected over Gigabit Ethernet. In the experiment,
we associate one CP for each SPP; i.e., each PC is associated
with five CPs. In addition, we consider a situation in which only
half of the requesting services are accepted by the MP (i.e., half
of the service requests will be rejected).

5.2 Load of Peers

At first, we evaluate the load of peers in the proposed system.
Figure 7 summarizes the result, where the horizontal axis of
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Figure 7: CPU usage of APs and MP.

Figure 7a is the number of CPs and that of Figure 7b is the
number of APs (in both figures, the vertical axis is the CPU
usage of APs and MP). Note that the CPU usage in the figure
ranges up to 200 % since we used a dual-core CPU in this eval-
uation.

As shown in Figure 7a, although the load of APs increases
as increasing the number of CPs (i.e., the number of inquiries),
it realizes a graceful degradation by adopting multiple APs,
which is apparently due to the effect of load balancing. In ad-
dition, we can also find from the figure that the load of the MP
does not increase even when the number of APs increases. On
the other hand, as shown in Figure 7b, the load of AP grace-
fully decreases when the number of APs increases. Again, this
indicates that the use of APs certainly reduces the load of the
communication to SPPs, and in fact, such collection of APs
works as a kind of caching proxies in the overall system.

5.3 Authentication Processing Time

We next evaluate the time required for processing inquiries.
Figure 8 summarizes the results, where the horizontal axis of
Figure 8a is the number of CPs and that of Figure 8b is the
number of APs (in both figures, the vertical axis is the process-
ing time for 500 inquiries).

As shown in Figure 8a, the processing time of inquiries does
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Figure 8: Processing time of inquiries.

not increase even as increasing the number of CPs if there are
several APs, although it rapidly grows if there is a single AP. In
particular, the processing time exceeds 18 seconds if the num-
ber of CPs is 40 and the number of APs is one (recall that the
CPU usage of the single AP “saturates” when the number of
CPs exceeds twenty). On the other hand, as shown in Figure
8b, the processing time gradually decreases as increasing the
number of APs, which saturates around three APs. A reason
of such relatively rapid saturation is that the size of the net-
work is too small so that three APs are enough to attain the best
performance under the scheme (in fact, the processing time for
500 inquiries is 7,531 ms with 40 CPs under three APs, which
is sufficiently small compared with the conventional model).
An extensive experiment using a larger number of peers with a
larger number of PCs is left as a future work.

6 Concluding Remarks

This paper proposed an improved user management system for
network consumer electronics (nCE). The proposed system ex-
tends Tokunaga’s system in such a way that the authority list is
distributed and processed in the authentication proxies (APs),
which resides between the centralized server and the service-
providing peers. The proposed system was implemented as a

JXTA network, and evaluated via experiments.

A future problem is to improve the efficiency of multicast
among APs, possibly considering the overlap in users’ inter-
ests in provided services. Although the current implementation
could be applied to a network with a relatively small number
of participating peers and a low frequency of updates of the au-
thority list, we will have to reduce the traffic of multicasting
the authority lists if we want to apply the scheme to a large
network. Another interesting problem is how to control the ser-
vice providing in a payment-based authority model; e.g., we
should solve many challenging problems such as how to real-
ize a refund of payment when a requested service could not be
provided to a client, and how to check the correctness of the
declaration given by the users.
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Abstract—Clustering is a problem to partition a net-tions between a cluster head and ordinary nodes.
work into small groups of nodes called clusters. Cluster-
ing is useful for maintaining large-scale networks becaus&1

o . . L nge fr ntly sin hn moves freely. Sin
it gives hierarchical structure to the networks. N|sh|kaw%1 ange ireque tly since each node moves eely Since

. . esirable clusters depend on network topologies, clusters
et al. proposed a clustering algorithm based on attrac-

. o . . . .__are required to be reconstructed when topology changes oc-
tor selection, which is one of the biologically inspired g pology g

. - . .__cur. Consequently, frequent topology changes cause a lot
approaches to attain adaptability to dynamics of environ- d Y, Ireq po‘ogy 9

ments, and they showed thefaztiveness of the algorithm of overhead to reconstruct clusters. Thus, it is necessary to
. ) . . . . reduce the reconstruction overhead.
by simulations. However, since the simulation settings are
based on a theoretical model, thgeetiveness in real en- Johnen et al. proposed a clustering algorithm for
vironments is not evaluated. In this paper, we evaluameighted networks where each node has a weight[2]. A
Nishikawa’s algorithm in realistic environments. First, weweight of a node represents suitability to become a cluster
implement Nishikawa'’s algorithm in a real sensor networkead (e.g. computing capacity, amount of the battery, band-
composed of 36 sensor devices SUnSPOTs and show thadth of wireless communication etc). Johnen et al. aim
the algorithm is #icient in the environment. Second, weto maximize the average weight of cluster heads as well
determine realistic simulation settings by analyzing the beas satisfy the conditions described above. Johnen’s algo-
havior of the above-mentioned real sensor network. Usithm uses a fixed threshold to reduce the reconstruction
ing the simulation settings, we show that Nishikawa’s aleverhead. This causes useless reconstructions to Johnen’s
gorithm is dficient in large-scale sensor networks. algorithm in some situations.

On the other hand, in MANETSs, network topologies

) Nishikawa et al. adopattractor selectionscheme in-
1. Introduction stead of fixed threshold[5]. Attractor selection is one of the

With the spread of wireless technologies, mobile ad ho%iologically inspired approaches to attain adaptability to

networks (MANETS) are getting increased attention in rec-)%/r;‘?{:] ;gfo?fsingt(i)g:qznfs[sf]d:) Cves-ur?heerl)gngt;qmeccr;:;?:szs
cent years. Since MANETS can be established without an%/s state randomlv while the s sterﬁ State ié’ bad Ther? i
fixed infrastructure, they are often used to construct tem: y y ' '

porary networks in the situation where it idftult to use he system state becomes good, the system keeps the good

any fixed infrastructure. These applications often consigltate W't.h h'.gh prok_aa_blllty. The f”‘ppea"”g feature of this
mechanism is that it is highly noise-tolerant and can even

CJ:[\:EErc;fefnﬁoggi,tland thus itis important to manage Iargge stimulated by noises[4]. Nishikawa et al. regarded fre-
Y- uent topology changes as noises and applied attractor se-

Clusteringis a fundamental technique to manage large . : . .
MANETSs. Clustering divides a network into several groupsec'[IOn to MANETSs. They show by simulations that their

of nodes calleatlusters Each cluster consists of one Clus_algonth’m redupes the reconstru.cuon over'head gompargd o
. . Johnen’s algorithm. However, since the simulation settings

ter head (representative node) and several ordinary nodes. . : .

) . ) gle based on a theoretical model, ttigeetiveness in real
Clustering facilitates managing networks because networks ~ . .
- : . . environments is not evaluated.

can utilize hierarchical structures composed of inter-cluster

networks and intra-cluster networks. For this use, clusters In this paper, we evaluate Nishikawa’s algorithm in re-

should satisfy some conditions. First, the number of cluslistic environments. First, we implement Nishikawa’s al-

ters should be minimized. This is because the size of thgorithm in a real sensor network composed of 36 sensor

inter-cluster network depends on the number of clusterdevices SunSPOTs and show that the algorithnffisient

Consequently a smaller number of clusters make it easigr the environment. Second, we determine realistic sim-

to manage networks. Second, each ordinary node shoulthtion settings by analyzing the behavior of the above-

be able to directly communicate with its cluster head. Thimentioned real sensor network. Using the simulation set-

is because each cluster head maintains information of ordings, we show that Nishikawa'’s algorithm iffieient in

nary nodes in its cluster. This requires a lot of communicdarge-scale sensor networks.



2. Model 3.1. Johnen’s algorithm

A network is represented by an undirected grébh- Johnen’s algo_rithm aims to reduce recongtruction over-
(V,E), whereV is a set of nodes ant is a set of bidi- heacjs by updatlng clusters loosely. That is, even when
rectional communication links. Each noddias a unique 9uality of clusters is degraded by topology changes, each
identifier id(v). For simplicity, we uses andid(v) inter- node does not change clusters if the degradation is below

changeably. We say nodesndu are neighbors with each & threshold: In more details, Johnen’s algorithm defines
other if and only if link ¢,u) € E. We denote a set of strongly-valid clustering as follows and constructs them.
ngighbors ofv asN,. We assume that each nod_e COMMUL =\ I TION 2 Strongly valid clustering
hicates by dchlly shared memory modelThat is, each If valid clustering C satisfies the following property, C is
nodev has a finite set of local variables that can be read bg strongly valid clustering
nodesu € N, U {v} and can only be updated lwy These '
assumptions are the ones used in Nishikawa's algorithm [5]1. Every ordinary node v belongs to one cluster head
and Johnen’s algorithm [2]. whose weight is larger than or equal to v.

Clustering is a problem to divide a network into several 2. For a given real number h, every ordinary node v
clusterssuch that each node belongs to exactly one cluster. whose cluster head z has weight, \&nd every clus-
In this paper, we consider clustering in mobile ad hoc net-  ter head ue N,, the weight of u is not larger than
works where nodes can move freely. Thus, network topol-  w;, + h.
ogy changes arbitrarily and might be disconnected. Valid 3. For a given integer k@ < k < n), every cluster head
clustering in mobile ad hoc networks is defined as follows.  has at most k neighboring cluster heads.

DEFINITION 1 Valid clustering By using threshold& andh, Johnen’s algorithm can re-

duce the number of cluster changes. However, Johnen'’s al-
gorithm can not avoid frequent changes of clusters around
the threshold.

_Clustering is represented by & (V,H), whereV =
{Vi,Vo,....,V} (Vi € V) is a set of clusters and H=
{hy,hy, ...,y (hi € V) is a set of nodes. If clustering
C = (V, H) satisfies the following properties, we say C is % 5 Nishikawa's algorithm
valid clustering. -

Nishikawa et al. proposed a clustering algorithm using

LUVi=v. — _ _ attractor selection[5]. Attractor selection is a biological
2. foreveryij, i#j:VinV;=0. model first introduced by Kashiwagi el al.[3]. Attractor
3. forevery h, hj € Vi. selection works according to the following mechanism.

4, foreveryivveV; —{h}:h eN,.
1. Each node evaluates its current state.

Then, we say that;his a cluster head of/; and ve V; 2. If the current state is good, the node keeps its state
belongs to cluster head.h with high probability.
3. If the current state is bad, the node changes its state

We consider the weighted network where each node has  With high probability.

a weight value which represents suitability to become a . o .
: . . The main feature of attractor selection is using random
cluster head. A weight of a node is determined appro-

X . . . . noise which corresponds to an inherent noise term found
priately from its battery capacity, computing capacity, or

bandwidth, etc. We denote the weightadisw,. The node in the original gene expression model. Th.|s random noise
i S . term causes the system to be constantly in motion. How-
with a larger weight is more suitable as cluster head. It is . .
L ever, once it has converged to an attractor (good state), it

also preferred to minimize the number of clusters and the . .
remains there as long as the attractor is stable.

number of cluster changes since a large number of clus- ; : .
ters and frequent changes of clusters cause enormous o er-—rhe selection of the appropriate attractor is controlled
Y an activity @ (0 < @ < 1). When the current state is

head. Note that, if one wants to maximize the averag .
i o ood, @ approaches to 1. When the current state is bad,
weight of cluster heads and minimize the number of clus® :
a approaches to 0. & approaches to 1, the influence of
ters, nodes have to reconstruct clusters more frequently an . ;
: . random noise becomes smaller, and a node keeps its state
sufer from reconstruction overheads. There is a trafile-o

between quality of clustering (weights of cluster heads anvc\f'th high probab|l|ty. Ifa approaches 100, the mfluenc_e of
. random noise becomes bigger, and a node changes its state
the number of clusters) and reconstruction overheads [5]

with high probability.
In Nishikawa'’s algorithm, each node independently op-
3. Existing algorithms erates its attractor selection. Activity of nodev reflects
the weight ofv andu € N, and the number of cluster heads
In this section, we explain Johnen’s algorithm andn N,. When there exists € N, which is more suitable
Nishikawa'’s algorithm. for cluster head thaw's current cluster head, the activity



a becomes small. For example when the weight of clustavhich change its state per a round over all the simulations.
headu € N, is much larger than that ofs cluster head, or Then, the number of changes reflects stability of cluster-
v is a cluster head but has a large number of cluster heaithg). We also evaluated the average weight of cluster heads,
in Ny, activity « becomes small angdchanges its state with however the values of both algorithms are almost the same
high probability. By using attractor selection, Nishikawa’sand thus we omit the results.
algorithm constructs more stable clustering.

4.2. Results of experiments and simulations

4. Experiments and Simulations Result 1 We implement Nishikawa’s algorithm and

In this section, we explain experiments and simulationg®hnen’s algorithm on the actual environment with 36
SunSPOT devices. We set field size as £A®0. We show

We compare Nishikawa’s algorithm with Johnen’s algo-* e >
rithm. the resultin Figure 1. Each algorithm can take some param-
eters, and each pointin the figure shows the behavior for the
parameter. When numbers of clusters of the two algorithms
are the same, numbers of changes of Nishikawa’s algorithm

In our experiments, we construct an actual sensor nejre smaller than those of Johnen’s algorithm. Thus, we can
work with 36 SunSPOT devices, which are wireless sersay Nishikawa’s algorithm isfeective in an actual sensor
sor devices developed by Sun Microsystems[6]. Sincgetwork.

SunSPOT devices do not have shared memories, we apply
message passing modektead of shared memory model.
Itis shown in [1] that algorithms designed for shared mem- 10 ‘ ,

. . . &= Johnen's
ory model can be easily transformed into algorithms for the e m ‘ algorithm
message passing model by CST(Cached Sensornet Transg  ° ‘ = Nishikawa's
formation). In the transformed algorithms, each nade- oO+—r—T T T 71— algorithm
peats a round. In each round, naderoadcasts its updated 13 14 15 16 17 18 19 20
state. Wherv receives a state from, v preserves/'s state Number of clusters
in its cache. Node takes an action based on its own cache
instead of neighbor’s current state. We set a round time as
500 msec.

In our experiments, we put all nodes statically within theResult 2 In actual sensor network, a lot of factors such
communication range, however we introduce virtual locaas interferenceféect the behavior of algorithms. We have
tions and simulate topology changes caused by node’s m&hown that Nishikawa'’s algorithm works better in such net-
bility. We give a virtual location to each node and move thavorks. The number of our SunSPOT devices is only 36,
virtual location with time. On the basis of virtual locations,however, general sensor networks consist of a larger num-
each node judges whether it can receive a packet or noer of sensors. Thus, to construct realistic simulation set-
That is, even when a node receives a packet from anothings for large networks, we analyze some important pa-
node, it discards the packet if their virtual locations are natameters feature of the experiment environment.
within the (virtual) communication range. First, we hypothesize that probability of communication

In all of our experiments, each node’s communicatiofoss is an important factor. Actually, in the experiments
radius is 25. Each node moves around a given square fieldith SunSPOT devices, each packet is delivered with prob-
Then we set the field size and the number of nodes at easghility 75% on average. To investigate thfeet of the
experiment. In addition, we randomly set weight of eacltommunication loss, we conduct simulations where each
node within [50..100]. We adopt RWP (random way pointpacket is delivered with possibility 75%. We show the re-
model, which is a commonly-used mobility model. We exsults in Figure 2. As the result shows, we still find a consid-
ecute 200 rounds in each experiment, and perform 100 egrable diference between the experimental environments
periments with dferent initial deployments. and simulation environments.

We also run computer simulations to evaluate algorithms Next, we focus on the communication success ratio of
in large-scale networks. The settings of computer simulaach node pair. By checking the communication success
tions are similar to those of experiments with SunSPOTatio in the previous experiments, we find that the commu-
devices. nication success ratio depends on node pairs (See Figure

We definethe number of clusterand the number of 3). Remind that the success ratio is 75% on average. How-
changesas evaluation criteria. The number of clusterever, as the figure shows, there are many node pairs that
means the average number of cluster heads per a roumave much lower success ratio or higher success ratio. We
over all the experiments. Then, the number of clusters reonsider the #ect of this fact as follows. When the success
flects quality of clustering. If an algorithm constructs aratio depends on node pairs, packets are often lost for some
small number of clusters, the network is dividglaently. node pairs and seldom lost for some node pairs. The former
The number of changes means the average number of nodesle pairs keep the link between them unestablished for a

4.1. Settings of experiments and simulations

S

15

change

Numb

Figure 1: Experimental result using SUunSPOT devices
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3. We show this result in Figure 4. The simulation results
with the new settings becomes closer to those by experi-
ments with SunSPOT devices.

[1]

Result 3 Lastly, we simulate two algorithms in large-
scale networks where the distribution of the success ratio
is the same as that of Figure 3. We set the number of nodgy
as 1000 and field size as 5&®00. We show the results in
Figure 5. According to Figure 5, we find that Nishikawa'’s
algorithm attains smaller number of changes than Johnen’s
algorithm in a large-scale network. Thus, Nishikawa'’s all
gorithm is also #icient in large-scale networks.

5. Conclusion
[4]

In this paper, we have evaluated Nishikawa’s algorithm
in realistic environment, and determined realistic simula-
tion settings. By using 36 SunSPOT devices, we hav
compared Nishikawa’s algorithm with Johnen'’s algorith
under influences of actual environment. The result shows
Nishikawa's algorithm is useful in actual sensor networks.
Then, we have analyzed the feature of experimental envi-
ronment and determined realistic simulation settings. By
this simulation, we have shown Nishikawa’s algorithm ig6]
also useful in large-scale sensor networks.
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Abstract

This paper reveals the relation between the time complexity and the space complexity
for the rendezvous problem with k agents in asynchronous tree networks. The rendezvous
problem requires k > 2 agents to meet at a single node. We propose three algorithms for
the rendezvous problem. All the algorithms guarantee that all the agents meet at a single
node if the tree is not symmetric, otherwise gather at two neighboring nodes. In this
paper, we firstly present two time priority algorithms for the rendezvous problem. One
has time complexity O(n) and space complexity O(nlogn) per agent. The other has time
complexity O(nlogn) and space complexity O(n). Lastly, we present the asymptotically
space-optimal one. This algorithm has space complexity O(logn) and time complexity
O(An8) where A is the maximum degree of the tree.

Keywords: mobile agent, rendezvous, tree, time complexity, space complexity

1 Introduction

1.1 Background and Motivation

In this paper, we are interested in the relation between the time and the memory size for
each mobile agent to solve the rendezvous problem. In the problem, each agent, which is
initially distributed in a network, has to meet on a single node. The rendezvous problem is
one of the fundamental problems that are required for a lot of agent systems. For example,
an application may require rendezvous to share the information of all the agents. In another
case, rendezvous may be needed to synchronize the process of each agent.

To solve the rendezvous problem is easy if each node in a network has a unique identifier
or ID: Each agent explores the network and terminates at the node with the smallest ID.
However, such unique ID may not be available for the agents in some reasons. It is prohibited
to publish the unique ID to agents for security reasons, or the agents cannot perceive it because
of its small memory. Hence, it is important to design algorithms which work in anonymous
networks.

In anonymous networks, agents using the same deterministic algorithm cannot meet at a
single node if there are cycles in the network. The problem can be feasible with some ad-
ditional assumptions such that agents can leave marks on a node or the network topology



is restricted. We are interested in the rendezvous problem where agents with the same de-
terministic algorithm meet without leaving marks. To solve the problem in this model, we
restrict the network to a tree. However, if the tree is symmetric, agents cannot rendezvous at
a single node. In some cases, each agent is required to terminate without meeting if the tree
is symmetric. This stronger task is also called rendezvous with termination problem. We deal
with rendezvous with termination problem in this paper: All the agents terminate at a single
node if the tree is not symmetric, otherwise the agents terminate at two neighboring nodes.
For the purpose of convenience, we simply describe rendezvous with termination problem by
rendezvous problem. We present three algorithms for the rendezvous problem with arbitrary
number of agents on arbitrary tree networks in asynchronous systems.

1.2 Related Work

Since the rendezvous problem was introduced in [15], this problem has been studied by a
number of researchers (read [3] for details). The hardness of the rendezvous problem almost
lies in how to break symmetry in an anonymous network. Typically, randomized algorithms
or different deterministic algorithm for each agent are used to break these symmetry [2, 4].
Baston et al. considered the case that agents can mark their starting nodes, however they
still rely on the randomization or different deterministic algorithms [5].

In the area of anonymous networks and anonymous agents, identical tokens are often
used to solve the rendezvous problem since Kranakis et al. showed that two agents in a ring
network can meet by the same deterministic algorithm using a token [14]. These tokens are
indistinguishable with others. Once these tokens are put on a node, they cannot move by
themselves. According to the model, agents can take up these tokens to put on the other
nodes. If one token is available for each agent, the rendezvous problem in a synchronous ring
is solvable [9, 11]. The lower bound of the space complexity in this model is Q(log k +log logn)
where k is the number of agents and n is the number of nodes, and the asymptotically space-
optimal algorithm is proposed for uni-directional ring networks in [11]. The effect of token
failure is also considered in [6, 7, §].

If the underlying network is a tree, agents do not have to use even a single token. In [10],
Fraigniaud et al. proved that two anonymous agents with no token can rendezvous in any
synchronous tree network unless the tree is symmetric. The memory size of this algorithm is
O(logn) and this is asymptotically optimal. However, if the number of agents is larger than
two or the agents move asynchronously, this algorithm does not work.

1.3 Owur Results

In this paper, we present three algorithms for the rendezvous problem with k agents in asyn-
chronous tree networks. Table 1 shows the results of this paper (The mark * is used to
indicate that the value is asymptotically optimal). Each of these performances is asymptoti-
cally time-optimal, asymptotically space-optimal, or balanced in terms of time and space. All
these algorithms are based on an idea: every agent meets at the center node of the tree. If
the agents have O(nlogn) memory space, rendezvous is done in linear time, which is asymp-
totically time-optimal. The performance of second algorithm is balanced in terms of time
and space. That is, the time complexity is O(nlogn) and the space complexity is O(n). Fi-
nally, we present a space-efficient rendezvous algorithm. In this algorithm, each agent needs
only O(logn) memory space to solve the problem. This memory complexity is asymptotically
optimal since the lower bound for the rendezvous problem on trees is Q(logn) [10].



Table 1: our results

Algorithm Time Space
Asymptotically time-optimal O(n) O(nlogn)

Balanced O(nlogn) O(n)
Asymptotically space-optimal O(An?) O(logn)

2 Terminology and Preliminaries

2.1 The Network Model

We consider an anonymous tree network 7' = (V, E') where V' is the set of nodes and F is the
set of undirected edges. Let n = |V| be the number of nodes and m = |E| be the number of
edges. A tree network is an arbitrary connected network with no cycle and thus m = n — 1.
The network is anonymous in the sense that nodes and edges have no distinct identifier. Every
node v has some ports, each of which connects to an edge. The number of ports node v has
is denoted by (v) or degree of v. Every port at node v has a port number, and it is locally
distinguishable. Each edge e = {u, v} has two labels ,(e) and ,(e), which denote the port
number at u and v respectively. We use label or port number interchangeably. These labels or
port numbers are assigned locally at each node and thus there is no coherence between ,(e)
and ,(e). Without loss of generality, we assume that every port number at a node is selected
from the set A = {1,...,0(n)}. Each port number has two means of expression, one is the
number itself and the other is the order at the node. In the latter case, we call the port with
i-th smallest number as i-th port and the edge adjacent to the i-th port at node u as ¢-th edge
of u.

There are k > 2 anonymous agents in the tree. Each agent has no identifier and bounded
amount of memory. Each node can host at most k& agents, but it does not provide agents
with any whiteboard. Each agent initially stays at a node called its home node and starts the
same deterministic algorithm at any time. The agents have no priori knowledge about the
network and other agents, that is, they do not know n, k, the shape of the tree, or where other
agents are. After the algorithm is started, the agent can move in the network by the following
three operations such that: 1) When the agent walks across an edge e into node v (resp.
immediately after the agent initiates the algorithm at node v), it remembers ,(e) (resp. 0),
the order of ,(e) at node v (resp. 0) and the degree of v. 2) The agent computes internally
at v, and determines the port number it leaves next or notices that it should terminate.
3) If the agent decides to move to the neighboring node, it leaves node v through the port
which is determined by the previous operation. Their action, such as computing or moving,
is progressed asynchronously in the sense that the processing period is finite but there is no
assumption of the upper bound on the length of the period.

2.2 Definition of Terms and Problem

We give definitions of terms used in this paper. The path P(vg,vi) = (vo,v1,...,v;) with
length £ is a sequence of nodes from vg to vy such that {v;,v;41} € E (0 <14 < k) and v; # v,
if i # j. Note that the path from w to v is identical in a tree. The distance from u to v,
denoted by dist(u,v), is the length of the path from u to v. The eccentricity r(u) of node
u is the maximum distance from u to an arbitrary node, i.e., r(u) = maxy,ecy dist(u,v). The



diameter D is the maximum eccentricity, i.e., D = max, ey dist(u,v). The radius R is the
minimum eccentricity. A node with eccentricity R is called a center.

A tree T is symmetric iff there exists a bijection function! g : V — V such that all the
following conditions hold:

1. For any v € V, the sets of port numbers on v and g(v) are the same.

2. For any u,v € V, u is adjacent to v iff g(u) is adjacent to g(v).

3. For any {u,v},{g(u),g(v)} € E, ({u,v}) is equal to 4.,)({g(u),g(v)}).

In the rendezvous problem, k > 2 agents have to meet on a single node. However, if tree T’
is symmetric, the agent with the same deterministic algorithm cannot meet at a single node
[10]. For this reason, we modify the requirement of the rendezvous problem as follows: All
the agents meet and terminate at a single node if the tree is not symmetric, otherwise all
the agents gather and terminate at two neighboring nodes. We say an algorithm A solves
the rendezvous problem if agents executing 4 satisfy the above conditions for any tree, any
location of home nodes, any starting time of agents, and any execution of agents.

To measure the efficiency of the algorithm, we evaluate time complezity and space complex-
ity. However, measuring the real time is meaningless because there is no assumption about
the period of each action by an agent. Thus, we define time complexity as the maximum
number of moves for each agent. We define space complexity as the maximum number of bits
each agent requires to store all local variables.

2.3 Basic properties

In the followings, we show basic properties of tree networks.

Theorem 1 There exist one or two center nodes in a tree. If there exist two center nodes,
they are neighbors [1].

Theorem 2 Let v' be the farthest node from node v in a tree (i.e., dist(v,v") = r(v)). The
eccentricity of node v' is equal to the diameter of the tree, that is, r(v') = D.

Proof. We assume 7(v') < D to prove the theorem by contradiction. Let u (u # v') be a
node satisfying r(u) = D. Let u’ be the farthest node from u. Clearly, we have dist(u,u’) = D.
We also have v" # u/ since otherwise r(v') = D holds. Note that ¢/, u, and u’ are leaf nodes.
We define z as the last node in the longest common prefix of P(u,u’) and P(u,v'). Then, we
have dist(z,v") < dist(x,u’) since otherwise r(v') > D holds.

Next, we consider the location of v. We can find that P(z,v) and P(z,u’) have a common
prefix including other than x. This is because otherwise v’ is further than v’ from v. The
location of v implies that dist(x,v") > dist(z,u) since v’ is the furthest node from v.

From the above discussion, we have dist(u/,v") = dist(v',x) + dist(x,v") > dist(u', z) +
dist(x,u) = D. This implies r(v") > D, which contradicts our assumption. O

Theorem 3 Let the distance from node u to node v be D. The node c is a center if and only
if ¢ is included in the path P(u,v) and r(c) = [2] holds [15].

!The function g is not an identity function. Thus, there exist a node u such that g(u) # u.
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Figure 1: Location of the agent at the end of each step

3 Algorithms for the Rendezvous Problem in Trees

3.1 Outline of the Algorithms

In this section, we present the outline of the proposed algorithm Rendezvous. We use Ren-
dezvous for the common framework of the proposed algorithms in this paper. In Rendezvous,
each agent traverses the tree, finds the center, and terminates at the center. Note that, since
each agent does not have any device to influence other agents, each agent does such works
independently. The center at which all the agents terminate is called rendezvous point.

We assume that each agent starts Rendezvous at a leaf node of the tree. If the home node
of an agent is not a leaf, the agent moves to a leaf. This work is easily done without memory
by using basic steps, which we explain later. A leaf node where the agent starts the algorithm
is called its start node. In Rendezvous, each agent performs the following six steps to find a
rendezvous point. Figure 1 shows the location of the agent at the end of each step.

Stepl: The agent computes the eccentricity r(v) of the start node v.

Step2: The agent moves to the farthest node v" from v (we call node v’ second node).
Step3: The agent computes r(v') of the second node v’ (i.e., r(v') = D).

Step4: The agent moves to the farthest node v” from v’ (we call node v” third node),
Step5: and the agent moves back to the first node ¢ which satisfies dist(v/,c) = [2].

Step6: If there exist two centers, the agent chooses the rendezvous point from two centers
and terminates there unless the tree is symmetric.

First, each agent computes the diameter D in Step 1 to 3. After that, the agent moves to
the center. Note that there may be one or more nodes whose distance from the second node
v s [%1 To detect the center among them correctly, the agent once moves to the third node
v" whose distance from v’ is D because the center node is on the path from v’ to v”. That
is, the center node is the first node whose distance from v’ is (%] and that the agent visits
after leaving from v”. These works are done in Step 4 to 5. In Step 6, the agent terminates at
the rendezvous point, which is one of the centers. Note that, the agent can also understand
whether the tree is symmetric or not in Step 6.

To realize Rendezvous, we introduce two functions MoveAndCompute and Choose. By
calling function MoveAndCompute(hi,hs) at node v (called initial node), the agent starts



DFS-traversal of the tree. The argument hA; implies that the agent continues the DFS-
traversal until it visits node s; satisfying dist(v,s;) = hi. The argument hs implies that,
after the visit to s1, the agent continues the DFS-traversal until it visits node so satisfy-
ing dist(v,s2) = ha. The agent stops the execution of MoveAndCompute at so. The agent
keeps the maximum distance from the initial node v to a visited node during the execution of
MoveAndCompute, and the maximum distance is returned as the output of function MoveAnd-
Compute. Function MoveAndCompute is used in Rendezvous as follows: In Step 1, by calling
MoveAndCompute(1,0) at a leaf v, the agent visits all nodes, computes r(v), and comes back
to v. In Step 2, by calling MoveAndCompute(0,r(v)) at v, the agent moves to v'. In Step 3,
by calling MoveAndCompute(1,0) at the second node v, the agent visits all nodes, computes
r(v') = D, and comes back to v'. In Step 4 and 5, by calling MoveAndCompute(D, [£7) at
the second node v’, the agent moves to the third node and moves back to center c¢. Function
Choose chooses a rendezvous point from two centers, and it is used to achieve Step 6 when
there exist two centers.

In the followings, we focus on the implementation of MoveAndCompute and Choose. We
give different implementations according to the memory space of each agent. In the rest of
this section, we explain the common procedures of MoveAndCompute.

First, we introduce the basic step, which is the way of movements for agents. The basic
step of an agent starts by leaving the 1-st port of its staying node v. Arriving at node u
through the i-th port on w, the agent leaves u through the {i mod (u)+ 1}-th port in the
next step. By continuing the basic step, each agent realizes DFS-traversal. We also define
reverse step as the backward step of the basic step. When an agent starts the reverse step
at a node, it leaves the node through the port passed in the previous step. The agent starts
reverse steps only after its basic steps.

In the function MoveAndCompute, the agent has to compute the distance from its initial
node v to a current node. To compute the distance in the anonymous networks, the agent
uses the port numbers for the following strategy: Whenever the agent leaves a node uw and
moves to the adjacent node, it checks whether the step leads it close to or away from its initial
node v. The following lemma implies that the agent can decide it by checking the order of
the port the agent will move to. From the property of trees, the lemma clearly holds.

Lemma 1 Let v be an initial node of MoveAndCompute. Assume that an agent has arrived
at u for the first time through the i-th port on u. When the agent leaves u through the i'-th
port, the agent is close to v if i =1, and it is away from v otherwise.

This chapter continues as follows. We explain time priority two algorithms using O(n logn)
memory space or O(n) memory space in Section 3.2. In section 3.3, we present the memory
size priority algorithm using O(logn) memory space.

3.2 Time priority two algorithms

We explain two algorithms for the rendezvous problem in this section. The implementation
of MoveAndCompute is the same for these algorithms, however the implementation of Choose
is different.

Implementation of MoveAndCompute By Lemma 1, the agent can calculate the dis-
tance from the initial node v to the current node u by computing whether the following
condition holds or not: The port through which the agent will pass to leave u is the same



as the one through which it first visited u. To compute it correctly, the agent keeps the se-
quence H = hihs ... called history. The i-th element h; of the history indicates the i-th basic
step. Each step is kept by the fact whether the agent gets close to the initial node v or gets
away from v. In more details, h; ="+’ if the agent gets away from v in the i-th step, and
h; =’—" otherwise. Note that, since each step is kept with one bit and the agent moves at
most 2(n — 1) times in each MoveAndCompute, the agent requires only O(n) memory space
to keep the history. By using the history, when the agent leaves a node, it calculates whether
it gets close to the initial node v or away from v. The way of calculation is derived from the
following lemma.

Lemma 2 We assume that an agent visits a node u through the i'-th port on u after | basic
steps in MoveAndCompute, and its history is Hy = h1, ha, ..., h;. Let the i-th port be the one
through which the agent first visits u in the MoveAndCompute. Then, the followings hold.

Casel: If hy ="+’ holds, i' =i holds.

Case2: If hy =’—"’ holds, we define Hi, Ho, ... as follows: Let Sy be the minimum suffix of
Hy in which the number of '+’ is equal to the number of '—’. Then, we define H1 as the
prefix of Hy such that Hy = H1Sy. If the last element of Hy is '—’, we can define Ho
in similar way. We continue the definitions, and assume the last element of Hy is ™+
Then, i = (i' —t —1) mod (u)+ 1 holds.

Proof. We consider the tree network as the rooted tree whose root is the initial node v.
Remind that, in MoveAndCompute, each agent makes DFS-traversal from v by basic stepsf.
In the case of h; =’+’, the lemma clearly holds from the property of DFS-traversal.

In the rest of proof, we consider the case of h;y =—’. Then, the agent returns to u from
its child w. From the property of DFS-traversal, once the agent visits w, it finishes the
DFS-traversal of the subtree with root w in its subsequent steps. Consequently, the suffix Sy
corresponds to the DFS-traversal of the subtree with root w. Thus, H; is the history that
the agent has on its last visit of u before the I-th step. From the behavior of basic steps, the
agent visits u through the ((/ —2) mod (u)+ 1)-th port at that time. By continuing the
above discussion, we can show that H; is the history on the first visit of u and the agent first
visits u through the ((i’ —¢ —1) mod (u)+ 1)-th port. O

From Lemma 2, when the agent visits u, it can locally compute the port order through which
it first visits w. Thus, from Lemma 1, the agent can determine whether it gets away from v
or close to v in the next step.

We explain the implementation of MoveAndCompute(hi, ho) as follows. Let d be the dis-
tance from the initial node v to a current node and d,,q, be the maximum number of d the
agent has computed. The agent prepares an empty history and set two variables d and d,,q, to
be 0 at v. In MoveAndCompute(hy, hz), it performs following three operations when the agent
leaves u, : 1) By using the history, the agent determines whether it gets close to the initial
node v or away from v in the next step. 2) Next, it moves to the neighboring node by the basic
step. 3) After that, it updates the history and two values d and d;;,q,. The agent can calculate
the distance from v to each node it visits by performing above three operations repeatedly. If
d becomes hy after d becomes hy once, the agent stops the execution of MoveAndCompute.

Implementation of Choose Here, we explain two implementations of Choose. We assume
that D is the odd number, i.e., there are two centers in the tree. Before the agent starts the



execution of Choose, it moves to a center node ¢ by executing MoveAndCompute. Let ¢’ be
another center and e be the edge that connects two centers ¢ and ¢/. Here, we assume the agent
recognizes e and n. We define ¢,[1..5] as the sequence of the port numbers the agent has left
during j basic steps from a node v. More precisely, t,[1..5] = p1,...,p; where pi(1 < k < j)
is the port number the agent leaves by k-th basic step.

First, we present the algorithm when each agent has O(nlogn) memory space. In this
case, the agent can keep all the port numbers in the network. Thus, the agent firstly performs
f =2(n — 1) basic steps started at ¢ and gets the sequence ¢.[1..f]. Next, the agent moves
to another center ¢’ through edge e. Then, it performs f basic steps started at ¢’ and gets
the sequence t[1..f]. Finally, the agent compares t.[1..f] with ¢~[1..f] lexicographically. If
te[l..f] (resp. t[1..f]) is lexicographically smaller, the agent terminates at ¢ (resp. ¢’). If the
sequence of t.[1..f] and to[1..f] are the same, the tree is symmetric and terminates at c.

Second, we present the other algorithm when each agent has only O(n) memory space.
In this case, the agent cannot keep t.[1..f] or to[1..f] at a time because O(nlogn) memory
space is required to keep each of them. Thus, the agent keeps the subsequences of ¢.[1..f] and
te[1..f] at a time, and compares these subsequences repeatedly to recognize which sequence
is lexicographically smaller. The strategy is as follows. We describe t.[1..f] = pip2...ps

and to[1..f] = qiq2...q¢. The agent starts Choose at a center c¢. Since every port num-
ber is described in logn length, the agent with O(n) memory space can keep r = (lo’gln]

port numbers. In the k-th round of Choose (k = 1,2,...,[@]), the agent compares
Pk 1)r+1:P(k 1)rt2s--->Pkr With g 1r41,9k 1)r42,---qkr- In each round, the agent ob-
tains the subsequences as follows: 1) The agent makes kr basic steps from ¢ and keeps the
last  port numbers, 2) returns to ¢ by kr reverse steps and moves to ¢’. 3) Next, the agent
makes kr basic steps from ¢’ and keeps the last r port numbers, 4) returns to ¢ by kr reverse
steps and moves to c. If the subsequences are different, the agent moves to an appropriate
center and terminates there, otherwise the agent takes the next round. If the subsequences
of the final round, i.e., k = [M], are the same, the agent terminates at ¢ since the tree is
symmetric.

The remaining issue is the way to recognize e and n, however it is easily solved. To
recognize e, the agent continues MoveAndCompute of Step 5. Then, ¢ is the first node s which
satisfies dist(v/, s) = [2] — 1. In addition, e is the edge through which the agent moves to c’.
Thus, by storing the port numbers of the edge, the agent can recognize e. To recognize n, the
agent counts the number of steps during the execution of MoveAndCompute in Step 1. The
agent can compute n after Step 1 since the number of steps of DFS-traversal is 2(n — 1) in
trees.

Efficiency of the algorithm The agent with O(n) memory space can execute MoveAnd-
Compute in O(n) time for the following reasons: The agent moves at most 2(n — 1) basic steps
in each execution of MoveAndCompute. The maximum length of the history is 2(n — 1), and
the distance from initial node to visited node is at most D. In Choose, we first consider the
case that O(nlogn) memory space is available for each agent. Since the agent can keep all the
port numbers in the tree at a time, it moves at most 4(n — 1) + 2 steps. Next, we consider the
case that each agent has O(n) memory space. The agent moves 4kr + 2 steps in k-th round

(where k = 1,2,..., [M} and r = [2-1), and thus, it takes O(nlogn) time to execute

Choose. Consequently, we have the following theorems.

Theorem 4 The rendezvous problem in a tree network with n nodes is solved in O(n) time



with O(nlogn) memory space on each agent.

Theorem 5 The rendezvous problem in a tree network with n nodes is solved in O(nlogn)
time with O(n) memory space on each agent.

3.3 Memory size priority algorithm

In this section, we present an asymptotically space-optimal rendezvous algorithm which uses
O(logn) memory space.

Implementation of MoveAndCompute The idea of the algorithm is the same as that
of previous algorithms in Section 3.2: Whenever it moves to the adjacent node, it computes
the distance from the initial node v to current node uw. This computation is executed by
determining whether that step makes the agent close to or away from v. The maximum value
of the distance from v to the visited node is also kept by the agent.

However, we cannot use the same approach in Section 3.2 since the agent requires O(n)
memory space to keep the history. For this reason, we use other approaches. Consider the step
such that the agent leaves node u through the i-th port on u. Let e be the edge connecting
to the ¢-th port on w. In the asymptotically space-optimal algorithm, the agent computes
whether it passes through e for the first time or not. Since the initial node is a leaf and
the agent makes DFS-traversal, the agent gets away from v when it passes through an edge
for the first time. Otherwise, the agent gets close to v. To realize the computation, we use
two existing functions LogExploration and MatchingEdge [12]. These functions are proposed
in the symmetric-label tree, where all the edges have the same label in both sides. Thus, in
the followings, we consider only symmetric-label trees. Note that, however, this restriction is
removed in Remarks of this section.

Function LogExploration is proposed to solve the exploration problem for trees [12]: The
agent traverses all the edges and all the nodes in a tree started at its home node s. After the
execution of LogExploration, the agent returns back to s. If and only if the tree is symmetric,
there exists exactly one edge called orphan edge defined only by the topology of the tree.
Therefore, the agent can check whether the tree is symmetric or not by checking if there is
an orphan edge. The orphan edge corresponds to an edge connecting two center nodes in
a symmetric tree. This work is also performed by LogExploration. The space complexity of
LogExploration is O(logn), and the time complexity is O(An”), where A is the maximum
degree of nodes in the network.

Function MatchingEdge is used as a subroutine in LogExploration [12]. To explain MatchingEdge,
we consider the basic steps started at a home node s. Let S = ejes. .. ey, 1) be the sequence
of edges that the agent passes through in the basic steps. Since basic steps imply DFS-
traversal, each edge is included in S exactly twice. By calling MatchingEdge() at s, the agent
can compute j(# i) satisfying e; = e; in S if the tree is not symmetric. The space complexity
of MatchingEdge is also O(logn), and the time complexity is O(An").

By using these two functions, the agent can compute whether it passes through e for the
first time or not. We assume the agent stays at v and it is about to make the [-th step. Let
S = erea...ey,, 1) be the sequence of edges that the agent passes through in basic steps
started at initial node v. Here, we give the behavior of the agent in the case that the tree is
not symmetric. First, the agent returns to initial node v by using (I — 1) reverse steps. By
calling MatchingEdge(l) at v, it computes j satisfying e; = ¢; in S. If | < j holds, the agent
passes e for the first time at the [-th step. Otherwise, the agent has passed e before the [-th



step. Note that, only when the agent executes MatchingEdge(l) at v, it can compute whether
it passes through e for the first time or not by this way. After the computation, the agent
can get back to u by (I — 1) basic steps. In the case that the tree is symmetric, the agent
cannot use the above approach. Thus, the agent first executes LogExploration in algorithm
Rendezvous to determine whether the tree is symmetric or not. If the tree is symmetric, the
agent executes other procedures explained later.

We explain the implementation of MoveAndCompute. Before the agent starts MoveAnd-
Compute (i.e., before Step 1 in Section 3.1), it executes LogExploration to check whether the
tree is symmetric or not. If the tree is symmetric, the agent moves to a node adjacent to
the orphan edge and terminates there. Thus, the agent executes the function MoveAndCom-
pute only if the tree is not symmetric. In MoveAndCompute, the agent performs following
three operations when it is about to make the [-th step and leave a node v: 1) By executing
MatchingEdge(!) in the above way, the agent determines whether it gets close to the initial
node v or away from v in the next step. 2) Next, moves to the neighboring node by the basic
step. 3) Finally, it updates two values d and d;,q, (these variables have the same meaning as
ones in Section 3.2). The agent can compute the distance from v to each node u by performing
these three operations repeatedly.

Implementation of Choose We implement Choose in a similar way to one in Section 3.2.
Note that, in this section, Choose is executed only if the tree is not symmetric. When the
agent starts Choose, it stays at a center ¢ with recognizing f = 2(n — 1), another center ¢’ and
the edge connecting ¢ and ¢’ in the same way explained in the previous section. In Choose,
the agent compares t.[1..f] with t.[1..f] lexicographically and terminates at a center with
the smaller one. In this section, the agent compares these two strings one by one element to
accomplish this work with O(logn) memory space.

The implementation of Choose is realized as follows. Initially, the agent sets the variable
i to be 1. The agent makes i basic steps from ¢ and gets the value t.[i]. Next, it returns to
¢ by i reverse steps and moves to ¢’. Similarly, it gets the value of tu.[i]. If ¢.[i] is different
from to[i], then it terminates at the node with the smaller one. If ¢.[i] is the same as t.[i],
the variable 4 is incremented by one and compares ¢.[i] with t.[i] repeatedly. Note that, since
the tree is not symmetric, ¢.[¢i] must be different from ¢.[i] for some integer i.

Efficiency of the algorithm We consider the space complexity and time complexity of
the algorithm showed in this section. The agent keeps five pieces of information: the distance
from initial node v to current node, the maximum distance it has computed, the number of
moves of basic step, at most two port numbers, and the variables to execute LogExploration
and MatchingEdge. The agent makes at most 2(n — 1) basic steps in each function, and the
variables to execute LogExploration or MatchingEdge are also kept in O(logn) memory space.
Therefore, it can store these values with O(logn) memory size. Next, we analyze the time
complexity. It takes O(An") to execute LogExploration or MatchingEdge. In MoveAndCompute,
the agent executes MatchingEdge at each basic step and it makes at most 2(n — 1) steps. In
Choose, the agent can terminate in O(n?) time. The reason is that the agent can get t.[i] and
te[i] for each i (1 <i<2(n—1)) in O(n) time. Finally, we can state the following theorem.

Theorem 6 The rendezvous problem in a tree network with n nodes is solved in O(An®) time
with O(logn) memory space on each agent.

10



Remarks In the above discussion, we consider only symmetric-label trees. However, we
show that our algorithm is available for general trees. To explain it, we use the method
introduced in [12]. In this method, general trees are reduced to (virtual) symmetric-label
trees by putting virtual nodes on some edges. Let T' be a tree which is not symmetric-label.
We call the original tree T' real tree and nodes in T' real nodes. We construct a wirtual tree
T’ by putting virtual nodes in edges which have different labels in T": More precisely, for any
edge e = {u,w} in T such that ,(e) # (e), we put a virtual node x on the edge e and
assign ,(e) and ,(e) to ({z,u}) and ,({x,w}), respectively. Since virtual tree 7" is a
symmetric-label tree, the agent can solve the rendezvous problem by executing the algorithm
inT'.

However, virtual trees may cause two troubles: 1) The rendezvous point is a virtual node,
and 2) The real tree is not symmetric but the virtual tree is symmetric. For the first case,
after the agent moves to the center ¢ (i.e., after Stepb in Section 3.1), it executes the following
additional procedures. If ¢ is a virtual node and the only center, it leaves ¢ through the first
port on ¢ and terminates at the arrival node. If there are two centers and one of them is
a virtual node, the agent terminates at the real one. For the second case, after the agent
recognizes the symmetry of 7" by LogExploration, it determines whether the real tree T is
symmetric or not: The agent moves to one of nodes w and w’ that is adjacent to the orphan
edge. Let v,(7) be true (resp. false) if the agent visits a real (resp. virtual) node after i basic
steps from w. If vy (i) = vy (i) holds for all the integer i (1 < i < 2(n’ — 1), where n’ is the
number of nodes in 7" computed in LogExploration), T is also symmetric. If vy, (i) # vy (7)
holds for some 4, T is not symmetric. In this case, agents can terminate and meet at w (resp.
w') when vy, (i) =true (resp. v, (i) =true) holds. Notice that, the number of virtual node is
at most n. Thus, the complexities remain unchanged asymptotically.

4 Conclusion

In this paper, we coped with the rendezvous problem in trees with k£ agents. We have shown
that arbitrary number of agents can rendezvous at a single node in trees even if their actions
are progressed asynchronously. We have presented three algorithms, each of which is asymp-
totically time-optimal, balanced in terms of time and space, and asymptotically space-optimal.
Thus, we have shown the tradeoffs between the time complexity and the space complexity for
the rendezvous problem. As for the time complexity of the asymptotically space-optimal algo-
rithm, it is as efficient as the one presented in [10]. However, the time complexity is O(An?).
Therefore, it is an interesting problem to improve the time complexity of the asymptotically
space-optimal algorithm.
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This paper proposes a new scheme for web page recom-
mendation which re ects the preference of each user to
the recommended pages in an e cient and e ective man-
ner. The basic idea of the scheme is to combine the notion
of preference footprint to browsed pages with the collabo-
rative filtering. More concretely, we introduce the notion
of “tags” similar to conventional SBS (Social Bookmark
Service), and attach all tags associated with a user to
a page when it is browsed by him. We implemented a
prototype of the proposed scheme, and conducted pre-
liminary experiments to evaluate the performance of the
scheme. The result of experiments indicates that it takes
less than 0.5 sec to reorder a list of 500 URLSs received
from a search engine according to the preference of users.

1 Introduction

According to the rapid popularization of ICT (Infor-
mation and Communication Technology) and the WWW,
the number of web pages in the Internet explosively in-
creases in recent years. In order to find a demanded page
from such enormous number of pages, we usually utilize
search engines such as Google and Yahoo!, in which the
contents of web pages are periodically collected to a cen-
tral server, and after receiving a query from a user, the
server retrieves collected information to return a list of
URLs matching the query. An increase of the number of
web pages also increases the number of hits for a given
query, which significantly increases the ratio of unneces-
sary pages in the search result. Thus, in order to exclude
such unnecessary pages from the search result, most of
conventional search engines try to give an appropriate
“rank” to each page, and recommend each user “higher
ranked pages” which seem to be relevant to the interest
of many users.

However, such a popularity-based ranking scheme does
not help to find highly specific pages, such as the pages

interesting for primary school children and the pages that
attracts attention in a leading-edge field. In order to re-
solve such problem of conventional search engines, several
ideas have been proposed in the literature to re ect the
preference of users to the page ranking. A representa-
tive of such approaches is SBS (Social Bookmark Service)
[6, 7], in which each user is allowed to conduct an explicit
annotation of tags to each page. Another approach is to
focus on the browsing history of users, as in Google per-
sonalized search. Although such history-based approach
would be e ective to automatically acquire the prefer-
ence of users, many internet users do not want to register
his private information to the system, and to disclose his
browsing history to the other users.

In this paper, we propose a new web page recommen-
dation system which can re ect the preference of each
user to the recommended result in an e cient and e ec-
tive manner. The basic idea of the proposed scheme is
to combine the notion of preference footprint to browsed
pages with the collaborative filtering. To this end, we
introduce the notion of “tags” similar to conventional
SBSs, but in contrast to SBSs, we associate those tags
to each user, and attach all tags associated with a user
to a page when it is browsed by the user. Tags attached
to pages are shared by all users. As a result, we could
acquire the information on the distribution of interest of
users relevant to the page, without forcing each user to
explicitly designate “what kind of page it is” as in SBSs.
It significantly reduces the load of users compared with
conventional SBSs. In addition, it reduces the psycholog-
ical resistance of users, since it needs no registration, and
the preference of users is processed merely in a stochas-
tic manner. We expect that such favorable properties
of the proposed system motivate many internet users to
use our system, which increases the chance of collecting
a large amount of tags compared with conventional tag-
based page recommendation systems.

The remainder of this paper is organized as follows.
Section 2 outlines related work including an overview of
collaborative filtering. Section 3 describes our proposed



system, and the details of our prototype system are de-
scribed in Section 4. Finally, Section 5 concludes the
paper with future problems.

2 Related Work

Conventional page ranking schemes can be classified
into two categories; i.e., page-centered schemes and user-
centered schemes. The former schemes calculate the
ranking of pages merely by referring to the information
attached to each page, and the latter schemes try to re-
fine a (page-centered) ranking by taking into account the
information on each user; i.e., it tries to personalize the

resultant ranking.

2.1 Page-Centered Schemes

A page-centered ranking scheme returns the same list
of URLs to all users without considering the personal in-
formation of each user. An advantage of such approach
is high reproducibility of the search result. However,
it is generally di cult to find an unpopular page from
such universal list, and in addition, the outcome of page-
centered schemes is easily a ected by an adversarial be-
havior of selfish users such as SEO (Search Engine Opti-

mization) [11, 12].

2.2 User-Centered Schemes

In contrast to such schemes, a user-centered scheme
takes into account the personal information of each user
to obtain a personal ranking which is not (significantly)
a ected by the popularity of pages. There are two types
of user-centered schemes; i.e., schemes which merely rely
on the personal information of a single user, and schemes
based on the sharing of personal information among sev-
eral users.

An example of the first type is Rerank.jp developed by
This scheme reorders the search
JAPAN Web API*! using
editorial operations manually conducted by each user.

Yamamoto et al. [4].
result obtained by Yahoo!

More concretely, each user executes either “emphasis”
or “delete” of keywords shown in a tag cloud, to change
the importance of keywords in the search result (i.e., a
page containing an emphasized word in its title or snip-
pet will be given a high rank, and a page containing a
deleted word will be given a low rank). Another example
is Google personalized search, which allows each user to
have a ranking according to his preference which is not
disclosed to the other users.

A representative of the second type is the collaborative

*1 http://developer.yahoo.co.jp/start/

filtering. In this method, several users sharing similar
interests are classified into a cluster, and the rank of a
page is refined by referring to the preference (or reputa-
tion) of the other users in the same cluster. In the next
subsection, we overview related work concerned with the

collaborative filtering.

2.3 Collaborative Filtering

Recommendation systems based on the collaborative
filtering can be classified into two categories by the type
of information used in the clustering; i.e., recommenda-
tion based on explicit information and recommendation
based on implicit information.

Explicit Information: The term “explicit” means
that it is explicitly designated by the users as in annota-
tion, or provided via appropriate feedback tools. In gen-
eral SBSs, annotation is regarded as a private comment
attached to the bookmark; i.e., it generally increases the
load of users. Although such load of users could be re-
duced by using memorandum instead of annotation, it
causes another problem since memorandum may contain
ad hoc representation specific to the users. Sasaki pro-
posed a method [5] to overcome such problem, by focus-
ing on the collection of pages which are attached common
tags by di erent users, rather than focusing on the ad hoc
representation of those tags.

User profile is another source of explicit information
used in many existing recommendation systems. How-
ever, it is hard to collect such private information in our
case, since general internet users do not want to disclose
there preferences, although the load of collection could be
reduced by using a simple inquiry form [3] and semantic
web technologies [9, 10].

Implicit Information: There are a lot of informa-
tion recommendation systems based on an implicit in-
formation collected from the users, e.g., Amazon.com,
YouTube, and RSS feed provided by goo. In those sys-
tems, a variety of vita information are used as the source
of information, such as browsing history, purchase his-
tory, operation record, and retrieval words and phrases
history. Intuitively speaking, those systems try to trace
the “footprints” implicitly given by the users.

A drawback of such approaches is that the contents rel-
evant to a user must be simultaneously contained in the
history of (another) user, to realize an e cient recom-
mendation. Another drawback is that we can not distin-
guish between intentional and random visits merely via
a sequence of visits. Such a drawback could be partially
overcome by measuring the browsing time (e.g., one can
identify a browsing as an intentional one if the browsing
time exceeds a predetermined threshold), but we can not



measure such time at the server side, and a measuring at
the client side causes an additional cost.

3 Proposed Method

In this section, we propose a new page recommendation
system. This system is designed to collect user’s prefer-
ence without forcing any cost and stress to the users.

3.1 Source of User Information

The basic technique used in the proposed system is user
tag and preference footprint.

User tag (U-tag, for short) is a keyword (or a
keyphrase) representing the preference of each user, e.g.,
baseball, major league, and red sox. Each user can regis-
ter any U-tag representing his preference to the system,
if it is not registered. When a user browses a web page
by clicking a hyperlink provided by the system, all U-tags
associated with the user are attached to the URL and are
recorded to the system.

Preference footprint (PF, for short) is a collection of
U-tags attached to the URL of a page, which represents
the characteristics of the page and is used to recommend
a page to an interested user. Note that PF is di erent
from annotation of tags in SBSs, in a sense that: PF
indicates “what type of users browsed that page,” while
the meaning of conventional tags is “what is the charac-
teristics of that page.” In addition, in our system, every
user is also associated with a set of U-tags (similar to
web pages), which enables a direct evaluation of the sim-
ilarity of pages and users via calculating the similarity of
the corresponding sets of U-tags (see Section 3.3 for the
details).

3.2 Basic Flow of Recommendation

The basic
scribed as follows:

ow of the recommendation process is de-

1. At first, each user registers a set of U-tags represent-
ing his preference, to the system. Note that each
user can register several U-tags. Let T'(u) denote
the set of U-tags associated to user u.

2. User u sends a query to a search engine through our
system. See Figure 3.1 for illustration. After receiv-
ing a list of URLs from the search engine, the system
reorders the list according to the similarity between
T(u) and U-tags associated to each URL, and for-
wards the reordered list to the requesting user w.

3. The list of URLSs shown to u is augmented with a list
of corresponding PFs for each URL (if any). User u
selects a URL in the list if he is interested in the
contents of the web page. (At this point, u can refer

Prototype

Request

Reordered
List

AR

Click the URL

P
User tags

0 3.1 Basic flow of recommendation.

to U-tags associated to URLs shown in the list, and
he can use such tags to navigate the keyword search
through our system. See Section 3.4 for the details.)

4. After receiving a URL selected by user u, the system
adds U-tags contained in T'(u) to the set of U-tags
associated with the selected URL.

In the following, we describe the way of calculating sim-
ilarity between two sets of U-tags (Section 3.3) and the
way of clustering URLs according to the similarity be-
tween URLs (Section 3.4).

3.3 Calculation of Similarity of Tags

We adopt the cosine similarity as the measure of sim-
ilarity between two sets of U-tags. More concretely, we
consider a vector space model (VSM) in which a set of
U-tags is represented by a vector, and the similarity be-
tween two sets is evaluated by calculating the similarity
between two corresponding vectors. Each coordinate in
the VSM corresponds to a U-tag; i.e., a vector has a non-
zero entry at the i*" coordinate i the corresponding set
contains the i** U-tag. If it has a non-zero value, the
value of the i*" coordinate is determined by applying a
function known as tf-idf [2], in the following manner.

3.3.1 tf-idf

Let S be a multiset of U-tags associated with a URL
or a user, and t be a U-tag contained in S. At first,
function tf is defined as the number of occurrences of ¢ in
S (if S is a set of U-tags associated to a user, the value
of function tf(¢,.S) is either zero or one). Next, function
idf is defined such that a U-tag specific to the set takes
a large value, and U-tags commonly contained in many
sets take a small value. More concretely, function idf is



defined as follows:

idf(t) = log(N/n¢) (3.1)

where N is the total number of multisets, and n; is the
number of multisets containing ¢. By definition, a popular
tag which is contained in many sets takes a small value
close to zero, and conversely, a rare tag which is contained
in few sets takes a large value.

Function tf-idf, which is intended to represent the im-
portance of ¢ in S, is formally defined as follows:

o(t,r) (¢, r) « idf (t).

Using such notions, similarity between two multisets X
and Y is defined as follows:

Dier 106 X) * o(t,Y)}
\/(ZtET ¢(taX)2) * (ZtET (1, Y)Q)

where T' denotes the set of all U-tags.

sim(X,Y) %

3.3.2 Procedure

Without loss of generality, let us assume that our sys-
tem has already known set T'(u) of U-tags associated with
user u. After receiving a list of URLs as the result of
query issued by user wu, the system conducts a reorder-
ing of those URLs according to the similarity to T'(u);
i.e., it sequentially calculates the similarity to T'(u) for
each URL, and sorts those URLs in a non-increasing or-
der of the similarity. Since ¢(t,T(u)) takes a value either
zero or one for any ¢, in the calculation of similarity be-
tween X and T'(u), we may simply add ¢(t, X)’s for each
t € T(u) (note that the denominator of the formula takes
a constant value for given X and T'(u)).

In order to speed up such selective additions, in the
proposed system, we adopt Bloom filter [8] to avoid un-
necessary search of non-existing elements (each vector is
represented as a list of elements, since we could not bound
the length of vector in advance).

3.4 Hierarchical Clustering of URLs

In addition to the reordering of a list of URLSs, in the
proposed system, we prepare a mechanism to navigate the
search of a target page via indicating U-tags associated
with each search result. Recall that the proposed system
is designed to provide a higher rank to a URL if it is
similar to the preference of the requester. In addition, by
referring to the set of U-tags attached to the listed URLs,
a user can recognize “which U-tag associated to him is
actually used in the reordering.” Ordering of URLs can
change if another set of U-tags is used in the reordering,
and it motivates a navigation of page ranking via the
change of the reference set of U-tags which is initially set
to the set of U-tags associated with the user.

In the proposed system, we realize such navigation via
the change of reference set by introducing two new tech-
niques, i.e., 1) hierarchical clustering of URLs and 2)
identification of U-tags which characterize such cluster-
ings. This is an extension of the method proposed in [2].
More concretely, a clustering of several subclusters cor-
responds to a threshold concerning to the similarity of
those subclusters, where similarity of two subclusters is
defined as follows:

sim(Cy,Cq) = min

auin  {sim(zy)}.

The maximum size of each cluster (i.e., the maximum
number of subclusters contained in each cluster) is given
as a parameter. Appropriate value of such parameter
will be determined through extensive simulations, but it
is left as a future work. Note that the computation time
required for such calculation can be hidden in general sit-
uations, since we can calculate the similarity between any
two URLs in advance. Although the similarity between
two URLs should be recalculated periodically according
to an increase of the number of U-tags associated with
each URL, we have an intuition such that the period of
such update is relatively long, e.g., few weeks and few
months.

Calculated values of similarity among URLs are in-
formed to the requester with a list of URLSs, and actual
clustering of URLs is conducted at the client side. At the
side of the resulting hierarchical clustering, the system
displays a set of U-tags associated with each cluster, in
order to navigate the control of the search result towards
a finding of a target page.

3.5 Observation

A key issue in our proposed scheme is how to collect a
large number of U-tags from users having various prefer-
ences. As was described previously, the basic operation in
our proposed system is to attach all U-tags to the selected
URL. In other words, we do not consider any discrimi-
nation or filtering of U-tags in this operation, since it is
di cult to realize a selective attachment of tags with-
out the aid of voluntary users. Instead of taking such
approach, we adopt an optimistic strategy such that an
uncontrolled accumulation of U-tags causes an appropri-
ate distribution of the frequency of U-tags re ecting the
interest of the browsing users.

4 Prototype System

We implemented a prototype system to demonstrate
the availability of the proposed scheme. The program
is written in PHP5 (server) and JavaScript (client).

The environment of the server is as follows: Intel(R)



0 4.1 Format of PF.

Item
URL
Tag | Name of tag

Explanation

Used as a page ID

Times | Number of annotations of the tag (i.e.,

tf value)

Core(TM)2 Duo CPU ET7400, 2GB Memory, Ubun-
tu/8.10, Apache/2.2.11, and PHP/5.2.9. As the search
engine, we used Yahoo! JAPAN Web API, which returns
at most 50 URLs for each query.

4.1 Data Structure

In the prototype system, a set of U-tags associated to
each user is stored in a cookie in his personal browser,
and each user can register a U-tag relevant to him either
by specifying a keyword in a free description form, or by
clicking U-tags which have already been registered by the
other users. We adopt XML as the basic format of trans-
mitted messages, because of its popularity and the ease
of manipulation. PF (preference footprint) of each user is
also described in the form of XML, and an attachment of
PF to a URL is simply done by merging two XML forms.

As a concrete set of U-tags, we used livedoor clip
datasets*? in our experiments. This data set was pub-
lished in December 2008 by livedoor clip*® which is one
of the most popular SBSs in Japan. Each record in the
data set consists of four fields, i.e., user ID, the date of
bookmarking, URL, and attached tags. In the experi-
ments, we converted it into a data set such that: 1) each
record in the set is indexed by URL, and 2) the record
concerned with a URL contains all U-tags associated with
the URL (note that the original data set contains sev-
eral records corresponding to each URL). The resultant
database, which will be referred to as PF database here-
after, consists of 200 thousand URLs and 150 thousand
U-tags.

4.2 Basic Functions

Basic functions used in the proposed scheme are im-
plemented as follows (See Figure 4.1 for illustration): 1)
calculation of tf-idf value for each U-tag associated with
URL is executed after receiving a message from a user;
The tf and idf values are periodically updated. 2) simi-
larity between a set of U-tags associated with a user and
URLs contained in a URL list received from the search
engine, is also calculated by the server and each client

*2 http://labs.edge. jp/datasets/
*3 nttp://clip.livedoor.com/

URL list received
from the search engine

@ N\ D

Calculation of tf-idf value
for each U-tags associated with URL

Similarity between a set of U-tags
associated a user and URLs

S =

Similarity among URLs

S =

A filtering of search result is conducted
by using PF attached to each URL

< Jh D

0O 4.1 Basic functions used in the proposed scheme
are implemented.

merely receives the result of such calculation, i.e., after re-
ceiving such information, each client conducts a reorder-
ing of the search result using JavaScript; 3) similarity
among URLs, which is necessary to realize a hierarchical
clustering of URLSs at a client, is calculated by the server
after completing the calculation of tf-idf (we are going to
move this part to each client); and finally, 4) a filtering of
search result is conducted by using PF attached to each
URL.

4.3 Quick Retrieval of Record

In order to realize a quick access to a record in the
database, in the prototype system, we divide the PF
database into 256 files in the following manner: 1) each
file is associated with two hex digits from 00 to , 2) each
URL is mapped to a hex string by an appropriate hash
function, and 3) each of those 256 files stores PF data
concerned with URLSs such that a prefix of the hex string
corresponding to the URL matches hex digits associated
with the file. In addition, as a way of detecting the non-
existence of a particular data in the database, we adopt a
Bloom filter of 164 bits (details of parameters are omitted
in this extended abstract).
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4.4 Evaluation

We conducted preliminary experiments to evaluate the
performance of the prototype system. In the experi-
ments, we consider two users u; and uy, where user u;
is attached 50 U-tags which are identical to “top 50” of
the search word ranking of Yahoo! Japan**, and user
ug is attached no U-tags. We measure the time required
for calculating the similarity between the set of U-tags
attached to each user and the set of U-tags attached to
URLs received from the search engine, by varying the
number of received URLs from 50 to 500.

Figure 4.2 summarizes the result. The vertical axis of
the figure represents an average calculation time over 20
runs, where “U-tag:50” indicates the calculation time for

*4 The period of counting the search words is from January 1
to June 30, 2008. See http://searchranking.yahoo.co.jp/
ranking2008firsthalf/ for the details

word A (time)
word B (time) -
word A (tag)

word B (tag) sz

0.8

Calcuration time (sec)
o
o
T
Number of tags

0.4

o2t kb

oK = ' = ;
50 100 150 200 250 300 350 400 450 500
Number of URLs

0 4.4 Comparison of two query words.

user u; and “U-tag:0” indicates the calculation time for
user uo. From the figure, we can observe that the cal-
culation time monotonically increases as increasing the
number of URLs contained in the search result (e.g., it
takes 0.25 sec for 200 URLs and 0.4 sec for 500 URLs
and), but it is not a ected by the number of U-tags at-
tached to each user. The rate of increasing the calcula-
tion time gradually decreases as increasing the number
of URLs, which is due to the reduction of the percentage
of URLs attached U-tags; i.e., in the data set used in the
experiments, U-tags are attached to a limited number of
(popular) URLs received from the search engine.

Figure 4.3 shows the calculation time of the scheme for
each query, where each point in the figure corresponds to
a query which is averaged over 20 runs. The vertical axis
represents the total number of U-tags associated with the
resulting URLs, and the vertical axis represents the total
calculation time. This result indicates that the calcula-
tion time of the scheme depends on the number of U-tags
contained in the search result independent of the number
of URLs in the search result. In order to observe the rela-
tionship between those factors in more detail, we selected
two query words w4 and wpg, and compared the calcula-
tion time and the number of U-tags concerned with those
words by changing the number of URLs in the search re-
sult. Figure 4.4 shows the result. The horizontal axis is
the calculation time (left hand side) and the number of U-
tags contained in the search result (right hand side). As
shown in the figure, the di erence of the calculation time
is certainly proportional to the di erence of the number
of U-tags.

Screen shots of the prototype system are shown in Fig-
ures 4.5 and 4.6.
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O 4.5 Screen shot (1): Clustering.

5 Concluding Remarks

In this paper, we proposed a new scheme for web page
recommendation which re ects the preference of each
user to the recommended result in an e cient and ef-
fective manner. We conducted preliminary experiments
to evaluate the performance of the scheme and showed
the feasibility of the scheme.

A future work is to improve the e ciency of the pro-
posed scheme, by adopting a selective attachment of U-
tags to the browsed pages, and/or by tuning parameters
used in the scheme (e.g., the cluster size). We are also
planning to open the prototype system for public use, in
order to demonstrate the e ectiveness of our web page
recommendation scheme in the real world.
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