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Abstract 

Processor arrays with priority-concurrent write buses have been shown to be equal in compu-
tational power to processor arrays with separable buses. The separable bus can be dynamically 
segmented into smal1er bus portions of any length by turning off some switches in the bus. The 
concurrent write bus permits two or more processors to send a datum simultaneously. 
In this paper， we show that switches回 asymptoticallymany掛 processorsinvolved are required 
for the separable bus to ensure the equivalency in power. This indicates that propagation delays 
caused by the switches may incre部 egradually as the size of a processor array is enlarged. We， thenヲ
introduce a concurrent write rule， which permits two or more processors each to send the value 1 to 
an arbitrary bit of a bus simultaneously， into the separable bus in order to decrease the complexity of 
the bus. Our results show that a processor array with such separable buses can simulate a priority-
concurrent write operation to the bus in constant time even though the number of switches involved 
is reduced to 0(1/ logO N)， where N is the number of processors and αis a constant. 

(Received April 1， 2006) 

1. Introduction 

Processor arrays can e伍cientlysolve many diι 

ferent problems appearing in engineering and sci-

e凶ificfields [1， 2]. 1n addition， they can be area-
e血cientlyembedded in VLS1 circuits by virtue of 

their simplicity and regularity. For the problems 

that require data exchange between arbitrary pro-

cessors， however， high-speed computations cannot 
be expected since the communication diameter of a 

processor array is significantly large. 1n order to re-

solve such difficulties with the diameter， processor 
arrays enhanced with various types of buses have 

been proposed and studied inte凶 y[3， 4， 5， 6， 7]. 
Furthermore， the difference in power of buses with 
such abilities as exclωivej concurrent write， fus-
ing， and segmenting has been investigated thor-
oughly [8， 9]. 

We deal with processor arrays enhanced with two 

types of buses: a concurrent write bus operating 

under a priority-conflict resolution rule1 (a priCW 
bus for short) and a sepαγαble bωthat has exclusive 
write capability2 and can be segmented into some 

bus portions of arbitrary length by turning off some 

switches in the bus [7]. Some of the results proved 

in [9] show that processor arrays with priCW buses 

are equal in power3 to processor arrays with sepa-

rable buses (termed HV-RN's in [9]， though) when-
ever at most O(nk) processors are available， where 
k > 0 is a constant and ηis the size of a prob-
lem to be solved. 1n addition， the equivalency 
in power is va1id for the separable bus if the dis-
tance between adjacent switches inserted into the 

bus is a constant. That is， if switches as asymp-
totically many as processors involved are available， 
then a priority司concurrentwrite operation to the 

bus (priCW operation) can be simulated on a pro-

cessor array with separable buses (PASb) in con-

stant time. Consequently， the complexity of the 
separable bus may increase due to a large number 

of switches. We， therefore， construct a constant-
time algorithm for simulating the priCW buses by 

separable buses with fewer switches. 

To begin with， we show that the distance d be-
tween adjacent switches in the separable bus must 

be a constant (independent of the number of pro-

cessors) whenever the PASb simulates a priCW op-

eration in constant time. Next， we introduce a con-
current write (CW) rule into the PASb， whose bus 
commonly runs under an exclusive write rule [7]， in 
order to reduce the number of switches in the bus. 

t The author is with the Faculty of Maritime Sciences， Kobe University. 
1 Each processor is assigned certain p門orityin advance; when two or more processors attempt to send a datum to the 
bus， the one with the highest priority succeeds (we assume， through the paper， th抗 thehighest priority is given to the 
processor with the lowest index). 
2 At a time unit， at most one processor can send a datum to the bus that is shared with the other processors. 
3 Let M and κbe two models of computation. Then， we say thatん-1is equal in computational power toκifルtcan 
simulate any instruction ofκin constant time， and vice versa. 
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Figure 1. N-PASb. 
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The CW  rule introduced permits two or more pro- by turning an SU 'on'. This allows the PASb to 
cessors each to send only the value 1 to an arbitrary modi今itsbus configuration while a problem is be-
bit of a bus simultaneously， and is basically simト ingsolved. A datum sent onto a bus (segment) can 
lar to the rule used in [10， 11， 12]. We prove that be received by all the PE's sharing the same bus 
such a PASb can simulate a priCW operation with- (segment). Assume that a datum is transferred in 
out an asymptotic increase in time even though d constant time regardless of the length of the bus 
is expanded from 0(1) to O(logαN)， where N is (segment). When at most one PE can send a da-
the number of processors and α> 0 is a constant. tum (consisting of log N + 1-bit information) to the 
Separable buses operating under the CW  rule men- bus (segment) at a given time unit， we say that the 
tioned above can be built using wired-Iogic mecha- bus operates under an exclusive write (EW) rule. 
nisms without substantial di伍culty.We also show We also introduce the following concurrent write 
that a bus width of O(log N)-bit is su伍cientfor the (CW) rule: 

PASb to simulate a priCW operation in constant Each PE can (separately from the other PE's) 
time if the number of processors is at most N， as write the value 1 to an arbitrary bit out of log N + 1 
compared with a width of O(NC)-bit in [10， 12]， bits of the bus， but not the value 0， when more than 
where 0く c::; 1. Finally， an algorithm for simulat- one PE performs a send instruction to the bus at 
ing a CRCW PRAM bya PASb is presented. a given time unit. If two or more PE's write l's to 

2. Definitions of Models certain bits of the bus， then the corresponding bits 
An N-PASb is a linear array consisting of N pro- hold l's; while the remaining bits (to which no PE's 
cessing elements (PE's) with a separable bus (see write l's) hold O's， since we suppose that each bit 
Fig. 1). Each bidirectional communication link be- of the bus is normally pulled down to the ground 
tween adjacent PE's has a width of log N + 1 bits.4 voltage. Note that two or more PE's each can con-
A separable bus also consists of log N + 1 wires， and currently send a datum in which only the kth bit is 
involves a switching unit (SU) every d PE's. Each a 1 (k can differ by each PE) a~d the remainder are 
SU is 仰山削oll凶e吋do叫n叫叫lyb匂ytωhe肥eP叩Ed命ir附ec吋 ∞側ωnn蹴n即l児削e
Suppose for simplicity that N / d is a natural num- log N -k k 

ber. to the bus， but cannot simultaneously sen 
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3. Simulation AIgorithms 
3. 1 A Lower Bound 
We show a lower bound on the time for simulat-

ing priCW operations on a PASb operating under 
the EW  rule. To begin with， a lower bound on the 
time for computing the logical OR of N inputs on 
the N-PASb is shown through a simi1ar argument 
to [3]. We， then， derive a lower bound on the time 
for the simulation from the logical 0 R by problem 
reduction. 

Lemma 1: When each PE holdsんε{0，1}for 
0三j三N-1， fl( Vd) time is required to compute 
the logical OR(V) of N inputs，んV!IV" ，V!N-l
on an N-PASb whose bus operates under the EW  
rule. 

(Proof) Let I(t) be the largest number of data 
(which are related to initial inputsん)that an ar-
bitrary PE can receive by time t. Then， 2t + 1 data 
are acquired via communication links and the infor-
mation of l:!二~(2s + 1) data is transferred through 
any bus segment. Since the bus can be divided into 
at most N j d segments and each bus segment can 
transmit the information exclusively sent by a PE， 
we have 

I(t) = 2t + 1 + O(Njd)乞(2s+ 1) 
8=0 

Now assume that the computation has finished at 
time T. Then， at least N data related to the ini-
tial inputs must be acquired by the PE that holds 
the result of the logical OR. Otherwise， there ex-
ists more than or equal to one datum that will not 
affect the final result. Hence， from the inequality 

I(T)三N，

we have T = fl( Vd).ロ
Next， we derive a lower bound on the time for 
solving a leftmost one problem from Lemma 1. 

When each PE(j) holdsんε{0，1}for 0三j三
N -1， the leftmost one problem is a problem in 
which the lowest index 1 D' of all the PE's with 
ん=1 is searched out (i.e.， 1 D' = min{jlん=1}). 
Suppose that the value -1 is returned when no PE 

holdsん=1. We call PE(I D') the leftmost-one 
PE. 

Lemma 2: When each PE holdsんε{0，1}for 
0三j三N -1， fl(ゾヨ)time is required to solve 
the leftmost one problem on an N-PASb whose bus 
operates under the EW  rule. 
(Proof) Given an algorithm A that solves the le此-
most one problem on an N-PASb whose bus oper-
ates under the EW  rule， the logical OR of N inputs 

can be computed by A as follows: 

if there is no leftmost-one PE 
(i.e.， the reSl此 is-1); 
otherwise. 

Thus， Lemma 1 applies to the leftmost one prob-
lem. 口

Lemma 2 leads to theおllowingresult on the sim-
ulation of a priCW operation on the N -PAS b. 

Theorem 1: An N-PASb whose bus operates un-

der the EW  rule requires fl(ゾヨ)time to simulate 
a priCW operation. 

(Proof) Let s be an algorithm for simulating a 
priCW operation on an N-PASb under the EW  
rule. Then， s solves the leftmost one problem as 
follows: 

Each PE withん=1 concurrent1y sends 1 D + 1 
to the bus through s. Then， 1 D' + 1 appears on 
the bus， where 1 D' holds the lowest index of all the 
PE's withん=1 (i.e.， the index of the lef此tmos坑tιω-on
PE)ト.Now all PE'、sknow ID ofthe le批most-o即 PE
by receiving the datum on the bus and then sub-
tracting 1 from the received. If no le氏most-onePE 
exists， all PE's get -1 because the bus holds O. 
Since fl( Vd) time is required to solve the le氏-
most one problem on the N-PASb under the EW  
rule， the theorem follows. 口

Theorem 1 implies that d二 0(1)(hence， O(N)-
SU) is necessary (and is su伍cient[9]) to simulate 
a priCW operation on the N-PASb in 0(1) time 
as long as the bus operates under the EW  rule. 
1n the next section， we demonstrate that d can be 
expanded to O(logαN) with a constant slO'l.ωudoω 
when the PASb employs the e吋dCWrule d白efine吋din 
Sect.2. for reduction in the number of SU's， where 
αis a constant. 
3. 2 Simulation of PriC羽rBuses 
As preliminaries to constructing an algorithm for 
simulating priCW operations on a P AS b， we pro-
vide an algorithm for solving the leftmost one prob-
lem first. 1n this section， the edCW rule described 
in Sect.2. is applied to the bus of the PASb. Sup-
pose that d = logαN and d is a natural number for 

simplicity， whereα三品名す isa natural number 
A datum consists of log N + 1 bits; a negative is ex-
pressed using the 2's complement representation. 

1nitially，ん，0三j:=:; N -1， is stored in regis-
ter f of PE(j). The value of logαN is also stored 
in register d of PE(j). At the end of the compu-
tation， register 1m of every PE retains the index 
of the leftmost-one PE if it exists and retains -1 
otherwise. 
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Algorithm 1: LMO; 。o Each PE(j) for 0三 j 三 N -1 performs 
1m←-1. 
10 {In each block consisting of d PE's sharing the 
same bus segment， it is examined whether there ex-
ist PE's with f = 1.} 
1_10 Each PE(u . d -1) turns 'off' its SU in the 

bus， where 1三u<守.
1・20 Each PE with f 1 sends 1 (= 20) to 
the Oth bit (i.e.， the LSB) of the bus， while each 
PE( u . d -1) receives the datum on the bus and 
then stores it into民gistery， where 1 ::; u三子
20 {Find the block including the leftmost-one PE.} 
2圃 10 Each PE(u. d -1) with y = 0 turns '0ぜ its

Sl.人 where1三U<4 
2・20 Each PE(u. d -1) for 1三u<寺sendsthe 
contents in ID to the bus ify = 1， while PE(N -1) 
sends the contents in I D to the bus if y = 1 and 
sends -1 to the bus otherwise. PE(O) receives the 
datum on the bus， then stores it into B. 
2-30 PE( u . d -1) turns 'on' its SU， where 1三U く
N 
d. 

2・40 PE(O) sends the contents into B to the bus， 
while each PE(j) receives the datum on the bus and 
then stores it into B， where 1 ::; j ::; N -1. 
2・50Each PE(j)ヲ0三j三N-1， performs c ←f if 
ID三B-(d -1) and I D三Bうandperforms c ← o 
otherwise. 
30 {Find the leftmost-one PE within the block， 
which includes some PE's with c二1.}
3・10 Each PE with c 1 performs mp← dー
((ID mod d) + 1). 
3・20 For s 二 0，1，・・1α-1， each PE with c 二 1 
executes the following instructions sequentially: 
mn← L mp/ log NJ; g[s]← mp -mn .10gN; mp← 
汀ln.
3-30 For s =α-1，α-2， . . . ，0， each PE performs 
the following Steps 3-3-10 and 3-3・20 in sequence: 
3・3・10 Each PE with c = 1 sends 1 to the g[s]th bit 
of the bus (hence， 2g[s])， and each PE with c二 1
receives the datum on the bus， then stores it into 
y. 
3-3・20 Each PE with c 1 performs c ← o if 
2g[s]三y/2 (i.e.， at least one bit bk in register y 
contains a 1， where k > g[s]). 
40 {Broadcast 1 D of the leftmost-one PE.} 
4骨 10 Each PE(u・d-1)， 1三Uく守 turns'on' its 
SU. 
4・20 (The leftmost-one) PE with c = 1 performs 
1m← ID. 
4・30 (The leftmost-one) PE with c二 1sends the 
contents in 1m to the bus， while each PE with c = 0 
receives the datum on the bus and then stores it 
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into 1m if B i -1. 口

AIgorithm L乱10finds out the block including 
the leftmost-one PE in Steps 10 and 20， then de-
termines the leftmost-one PE within the block in 
Step 3 0

• Step 30 selects the PE with the lowest 
1 D from among the PE's， which holdん 1，in 
the block using a radix r-number system approach 
proposed in [10， 12]. We substitl巾 findingthe low-
est 1 D for searching out the highest 1 D here. 1 D 
gives the relative location of a PE within a block 
consisting of d PEうs，where the leftmost PE has 
the maximum and the rightmost the minimum (i.e.， 

ID(j) = d -((j mod d) + 1)). Since ID(j) can be 
expressed in the form 

ゐ(j)=乞gs(j)同 sN
s=o 

we obtain the highest 1 D(j) (hence， the lowest 1 D) 
of all the PE's withん=1 by sequentially examin-
ing gs from the most significant digit (s =α-1) 
to the least one (s 0)， where γ logN and 
O三gs(j)三10gN-1. In Step 3・3・10，as each 
PE(j) with c = 1 (i.e.， PE withん=1 within the 
block found in 20) simultaneously writes 1 to the 

gs(j)th bit ofthe b瓜 thevall町 =22r-1bp2P
appears on the bus， where bp ニ 1if there exists at 
least one PE(j) such that gs (j) = p; bp = 0 other-
wise. Each PE(j) with c = 1， then， knows whether 
its own gs(j) is larger than the others or not by 
comparing y with 29.， (j) (in 3・3_20). Consequently， 

the highest 1 D(j) satisfies 29s(j) > y /2 for every 
iteration s，α-1ど S とO. Each step of L乱10
consists of only basic instructions; L恥10runs in 
O(α) time， since Steps 3・20 and 3_30 are repeat-
edlyexecuted αtimes. Hence， the following result 
is obtained. 

Lemma 3: An N-PASb whose bus operates under 
the edC羽Trule can solve the leftmost one problem 
in 0(1) time， where d = logαNand αis a constant 
(natural number). 口

Next， we provide an algorithm for simulating 
priCW operations on the N-PASb through L恥10.
Assume that data to be sent are stored in registers x 
ofsome PE冶beforethe execution of the algorithm. 

Algorithm 2: PriCW; 。oEach PE that intends to execute a send instruc-
tion (to the bus) performs f← 1， while the other 
PE's perform f← O. 
10 Execute L乱10.
20 PE(lm) sends the contents in its x to the bus. 

口



PE(M・1，0) COLUMN BUS (EW) PE(M・1，N・1)

Figure 2. M x N-PASb simulating (N， M)-PRI CRCW PRAM. 

Steps 00 and 20 of algorithm Pri CW  consist of 
only basic instructions; Step 10 runs in 0(1) time 
as shown in Lemma 3. We， therefore， obtain the 
following result. 

Theorem 2: A priCW operation can be simulated 
in 0(1) time on an N-PASb operating under the 
edCW rule， where d = logαN and αis a constant 
(natural number). ロ
Theorem 2 states that introducing the edCW 
rule， which is relatively simple to implement in 
hardware， allows the P AS b to expand d from a 
constant [9] to O(logαN) without asymptotically 
increasing the running time for the simulation. 
Consequently， reduction in the number of SU's 
from O(N) to O(NjlogαN) is achievable， and 
makes possible the curtailment of propagation de-
lays (throughout the paper， we assume a fixed prop-
agation delay regardless of the number of SU's， 
though). 
3. 3 Simulation of Priority-CRCW PRAM 
Let (N，M)-PRI CRCW PRAM denote a PRAM 
that consists of N processors (P j， 0三j三N-1) 
and M shared memory-cells (Si，O三i三M -1)， 
and has the capability of concurrent reαd and con-
current write resolved by the prioritνrule. As an 
application of algorithm PriCW， we present an 
algorithm for simulating the (N， M)-PRI CRCW 
PRAM by an N x M-PASb using the method as 
shown in [13]. Note that the N x M-PASb em-
ployed here has E羽Tcolumn buses with d M 
(i.e.， no SU's exist in the buses) and edCW row 
buses with d = logαN (see Fig. 2). This arrange-
ment suggests that the application of the edCW 

rule to reconfigurable bω systems [13] makes possi-
ble reducing the number of switches used for this 
simulation. 
Since simulation of each of basic instructions such 

as arithmetic-logic operations performed in proces-
sors is clearly trivial， we focus our attention on the 
simulation of a read and a凹乃花 instructionto the 
shared memory of the PRI CRCW PRAM. Sup-
pose that P j is simulated by PE(O， j) and Si is 
simulated through register sm of PE(i，O)， where 
o ::; i ::; M -1 and 0 ::; j ::; N -1. 

Algorithm 3: PriCRCW-SM; 

write(A， x): 
10 Each PE(O， j) that intends to execute a ωrite in-
struction performs f← 1， while the others PE(O， j) 
perform f← 0， where 0 ::; j ::; N -1. 
20 Each PE(O，j) sends the contents in f to the col-
umn bus， while each PE(i，j) receives the datum 
on the column bus and then stores it into f， where 
l三t三M -1 and 0 ::; j三N-1. 
30 Each PE(O，j) with f = 1， for 0三j三N-
1， sends the address (the contents in A) of the 
memory-cell， into which a datum should be writ-
ten， and the datum itself (the contents in x) to the 
column bus in sequence， while each PE(i，j) with 
f = 1， for 1三t三M -1 and 0 ::; j三N-1， re-
ceives two data on the column bus in sequence and 
then stores them into A and x， respectively. 
40 Each PE(i，j) with f = 1 performs f←o if A -1 i， 
where 0 ::; i三M -1 and 0 ::; j ::; N -1. 
50 All the PE's in each row i，O三t三M -1， 
execute Steps 10 and 20 of PriCW. Then each 
PE(i，O) with 1m -1 -1 receives the datum on the 
row bus， and stores it into sm， where 0三i::;M-1.

read(A，け
00 Each PE(i， u・d-l)turns '01ピitsSU in the row 
bus， where 0く tく M -1 and 1く U く5
10 Each PE(O， j) that intends to execute a read in-
struction performs f← 1， while the others PE(O，j) 
perform f← 0， where 0三j::;N-1.
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20 Each PE(O， j) sends the address (the contents in 
A) of the memory-cell， from which a datum should 
be read， to the column bus if f = 1 and sends -1 
otherwise， while each PE( i， j) receives the datum 
on the column bus and then stores it into A， where 
1 :::; i :::; M -1 and 0 :::; j :::; N -1. 

30 Each PE(i，O) sends the contents in sm to the 
row bus， while each PE(ω) receives the datum on 
the row bus and then stores it into sm if A二丸
where 0 :::; i三M -1 and 1 :::; j :::; N -1. 
40 Each PE(ω) sends the contents in sm to the col-
umn bus if A = i， while each PE(O， j) with f = 1 re-
ceives the datum on the column bus and then stores 
it into r， where 0三i:::; M -1 and 0 :::; j :::; N -1. 

口

1n PriCRCW-SM， Step 50 of write runs in 
0(1) time as shown in Theorem 2; the rest of the 
steps consist of only basic instructions. All the 
steps of read also consist of only basic instruc由

tions. PriCRCW-SM， therefore， runs in 0(1) 
time. This implies that any algorithm running on 
the (N， M)-PR1 CRCW PRAM can be executed on 
the N x M-PASb (as i1lustrated in Fig. 2) with a 
constant slowdown. 

Theorem 3: Any algorithm running on an 
(N， M)-PR1 CRCW PRAM in time T can be ex-
ecuted in O(T) time on an M x N-PASb whose 
column buses with d = M operate under the EW  
rule and row buses with d = logαN operate under 
the edCW， where αis a constant. 口

A hyper-broαdcαst bus network (HBBN) [12] 
whose buses operate under the edCW rule， as 
well as the P AS b， can simulate any one step of 
the (N， M)-PR1 CRCW PRAM in 0(1) time with 
O(M N) processors. The HBBN， however， em-
ploys a bus width of O(NC)ーbit，where 0 < c :::; 
1 is a constant， whereas a width of O(1og N)-
bit is su伍cientfor the P AS b・Ifthe bus width 
is limited to O(1og N)-bit， the HBBN requires 。(NC)[12] times as many processorsωthe PASb 
does， namely O(M N1+C) processors. This indi-
cates that enhancing the edCW buses (of HBBN) 
with O(M N / logαN) switches results in thinning 
down the bus width from O(NC) to O(log N) bits 
for that simulation. 
4. Conclusion 

1n this paper， we have introduced the edCW 
capability into the P AS b to decrease the com-
plexity of the bus. Our results have shown that 

the N-PASb with such capability can simulate a 
priCW operation in 0(1) time even though the 
number of switching units in the bus is reduced 
to 0(1/ logO! N)， where αis a constant. We also 

。。

mentioned that the application of our results to 
the HBBN makes possible thinning down its bus 
width from O(NC) to O(log N) bits， where c三1is 
a constant. 
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