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A group including a larger number of processes implies larger computation and 

communication overheads O(n2) required to manipulate and transmit messages for a 
number n of processes. In this paper, we discuss a group which is composed of sub-
groups of processes. Each subgroup has a gateway process which communicates with the 
other gateway processes. We propose a mechanism to causally deliver messages to 
processes in a group by using a vector of message sequence numbers whose size is the 
number of subgroups, not the number of processes. We assume that networks are 
less-reliable; i.e., that messages may be lost. 
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1. INTRODUCTION 

Multiple processes cooperate to achieve some objectives in distributed applica-
tions like teleconferencing.  A group means a set of multiple processes which cooperate 
on the basis of pear-to-pear cooperation of processes.  A group does not imply cli-
ent-server cooperation. In these applications, hundreds of processes cooperate are dis-
tributed on not only local area but also wide area networks.  A large-scale group is a 
group which includes hundreds of processes.  Each communication channel between 
processes may not support the same Quality of Service (QoS).  A wide-area group is a 
group where the processes are distributed in wide-area networks like the Internet.  
Tachikawa and Takizawa [14, 15] discuss protocols for wide-area groups which adopt 
fully distributed control and destination retransmission, and examine an international 
experiment conducted by Japan, USA, and Europe.   

A group communication protocol supports a group of n (> 1) processes with caus-
ally/totally ordered delivery of messages [1, 2, 8, 9].  In order to support the ordered 
delivery of messages, a vector clock [2, 8] including n elements is used, assuming that 
the underlying networks are reliable; that is to say, each message is delivered to its des-
tination without message loss and in a sending order.  Here, the header length of mes-
sages is O(n) for the number n of processes in the group. O(n2) computation and commu-
nication overheads are required to send and receive messages in a group of n processes.  
Even if a group of tens of processes can be realized by traditional group protocols, it is 
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difficult, maybe impossible to support a group of hundreds of processes due to the large 
computation and communication overheads.  In order to reduce the computation and 
communication overheads, hierarchical groups have been studied [5, 16].  Papers [3, 5] 
discuss how to multicast messages in tree routings but do not discuss ordered delivery of 
messages.  Takamura and Takizawa [16] discuss how to support the causally ordered 
delivery of messages in a hierarchical group by using the vector clock, but the vector size 
is the total number of processes.  In this paper, a group is composed of multiple dis-
jointed subgroups, each of which includes processes in a local area.  Subgroups are in-
terconnected by the Internet.  We discuss a two-layered group (TG) protocol for a 
large-scale, wide-area group of processes.  Messages are causally ordered by using a 
type of vector clock whose size is the number of subgroups, which is smaller than the 
total number of processes.  Furthermore, we assume that the underlying networks are 
less reliable; i.e., messages may be lost and may be delivered out of order.  The TG 
protocol supports the causally ordered delivery of messages during detection and recov-
ery from message loss. 

In section 2, we present a system model. In section 3, we discuss the causally or-
dered delivery of messages in a two-layered group.  In section 4, we discuss the 
two-layered group (TG) protocol.  In section 5, we evaluate the TG protocol in terms of 
delay time compared with the traditional flat group. 

2. SYSTEM MODEL 

2.1 Groups 

In a group of multiple processes, the processes cooperate in order to achieve some 
objectives in a distributed system.  In one-to-one communication and multicast commu-
nication [3], each message is reliably delivered to one and more than one process.  On 
the other hand, multiple processes first establish a group in group communication.  
Then, a process autonomously sends a message to multiple processes while receiving 
messages from multiple processes in the group.  Lamport [7] defines a happens before 
relation among events occurring in multiple processes.  A sending event of a message m 
happens before a receiving event of m.  An event happens before another event if the 
events occur in this sequence in the same process.  When the transitive happens before 
relation is used, a causally precedent relation among messages can be defined: a message 
m1 causally precedes another message m2 (m1 → m2) iff a sending event of m1 happens 
before a sending event of m2 [2].  A process is required to deliver a message m1 before 
another message m2 if m1 causally precedes m2 (m1 → m2). 

Due to computation and communication overheads O(n2) for a number n of proc-
esses in a group, it is difficult to support a group with a large number of processes using 
a group communication service, such as causally ordered delivery of messages.  Ac-
cording to practical experiments [11, 14], more than several tens of processes cannot 
cooperate in a group from the performance point of view.  In one approach to reducing 
the overheads, a group G is decomposed into disjointed subgroups G1, …, Gk.  Each 
subgroup Gi is composed of processes and a gateway process pi0.  If process pis in sub-
group Gi sends a message m to destination processes in another subgroup Gj (j ≠ i), then 
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process pi first sends message m to gateway process pi0 in subgroup Gi.  Then, gateway 
process pi0 forwards message m to gateway process pj0 of destination subgroup Gj.  
Gateway process pj0 delivers message m to the destination processes in the subgroup Gj.  
Group G is referred to as two-layered [Fig. 1].  A group is flat iff every pair of proc-
esses in the group directly exchange messages.  For example, processes in a subgroup 
are interconnected in a local area network.  A pair of gateway processes are intercon-
nected on the Internet.  In this paper, we discuss a group communication protocol for a 
two-layered group.   

 

Fig. 1. Two-layered group. 

Processes in each subgroup directly communicate with each other by using a basic 
communication service supported by underlying networks like local area networks.  A 
pair of gateway processes exchange messages on the Internet. Each communication 
channel between processes can be realized by means of TCP [4] and UDP [12].  Most 
group protocols like ISIS [2] assume that the underlying network is reliable.  We have 
designed a group protocol based on the assumption that networks are less reliable; i.e., 
messages may be lost and may be delivered out of a sending order. 

2.2 Distributed Protocols  

It is important to discuss which process coordinates communication among proc-
esses in a group.  In a centralized coordination approach [5, 6], there is one controller in 
a group.  Every process first sends a message to the controller, and then the controller 
delivers the message to all the destination processes in the group.  The delivery order of 
messages is decided by the controller.  Thus, the messages easily can be totally, i.e., 
causally ordered. In a distributed approach, there is no centralized controller.  Every 
process directly sends messages to the destination processes and directly receives mes-
sages from every other process in a group.  Each process makes a decision on the deliv-
ery order and automatic receipt of messages by itself, e.g., by using the vector clock [8].  
ISIS [2] uses a decentralized approach, where every destination process sends a receipt 
confirmation to the sender of a message in a reliable underlying network.  Takizawa et 
al. [10, 11, 15] use a fully distributed approach, where every destination process sends a 
receipt confirmation to not only the sender, but also all the other destinations in 
less-reliable networks.   
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2.3 Confirmation Vector 

For a group G of n (> 1) processes p1, …, pn, vector V is in the form 〈V1, …, Vn〉 [8].  
Every process pi has a vector V = 〈V1, …, Vn〉, where each element Vj is initially 0 (j = 
1, …, n).  Each time process pi sends message m, the ith element Vi is incremented by 
one.  Then, message m carries vector V(m.V) of the sender process pi.  Upon receipt 
of message m from another process, Vk := max(Vk, m.Vk) (k = 1, …, n, k ≠ i) in a proc-
ess.   Here, for a pair of vectors A = 〈A1, …, An〉 and B = 〈B1, …, Bn〉, A ≤ B iff Aj ≤ Bj 
(j = 1, …, n).  Message m1 causally precedes message m2 (m1 → m2) iff m1.V ≤ m2.V.  
Message m1 is causally concurrent with message m2 (m1 ∥ m2) iff neither m1 → m2 nor 
m2 → m1.  

The confirmation vector CV = 〈CV1, …, CVn〉 of message sequence numbers is used 
to detect message loss in group protocols [10, 11].  A sequence number seq is incre-
mented by one in process pi each time process pi sends a message.  Message m carries a 
sequence number seq as m.seq.  Process pi manipulates variable CVj, which shows a 
sequence number seq of a message which process pi expects to receive next from process 
pj (j = 1, …, n). Each message m carries the confirmation vector m.CV ( = 〈m.CV1, …, 
m.CVn〉 ).  On receipt of message m from process pj, process pi accepts message m if CVj 
= m.seq.  Then, the jth element CVj in the confirmation vector CV is incremented in 
process pi, i.e., CVj := CVj + 1.  The confirmations m.CV1, …, m.CVn are stored in an 
acknowledgment matrix AK as AKjk := m.CVk (k = 1, …, n).  Message m received from 
process pj is pre-acknowledged in process pi if m.seq < min(AK1j, …, AKnj); i.e., process 
pi knows that every other process has accepted message m.  If every message is destined 
for all the processes, then message m1 causally precedes message m2 (m1 → m2) iff m1.CV 
< m2.CV [11].   

Next, we will discuss the case when a pre-acknowledged message is to be delivered 
in process pi. Process pi can deliver a pre-acknowledged message m if every message 
causally preceding message m is delivered and process pi receives from every process a 
pre-acknowledged message causally preceded by message m.  Here, message m is ac-
knowledged in process pi.  Process pi is sure that message m is pre-acknowledged in 
every process; i.e., every process knows that every other process accepts message m. 

On receipt of message m from process pj, if CVj < m.seq, then process pi finds a 
message gap; i.e., process pi loses message m' from process pj, where CVj ≤ m'.seq < 
m.seq.  Next, suppose process pk sends message m1 to a pair of processes pi and pj, but 
that process pi fails to receive message m1.  After receiving message m1, process pj 
sends message m2 to process pi, where m2.CVk = m1.seq + 1.  Process pi receives mes-
sage m2, where CVk < m2.CVk, and finds that process pi has not received message m1 from 
process pk.  Thus, process pi discovers the loss of message m from another process pk 
upon receipt of message m' from process pj if CVk ≤ m.seq < m'.CVk (k ≠ j). 

3. CAUSALLY ORDERED DELIVERY IN A TWO-LAYERED GROUP 

A two-layered group (TG) G is composed of multiple subgroups G1, …, Gk (k > 1). 
Each subgroup Gi includes processes pi1, …, pili (li > 1) and one gateway process pi0. 
Processes and messages transmitted in a subgroup are referred to as local.  A main sub-
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group is composed of gateway processes p10, …, pk0, where global messages are ex-
changed.  If local message m is destined for a process in another subgroup, then m is an 
outgoing local message.  An outgoing local message m sent in subgroup Gi is changed 
into global message M.  Then, global message M is transmitted in a main subgroup. 
Global message M is changed into local massage mj in destination subgroup Gj.  Here, a 
pair of local messages m and mj are the source and destination local messages of a global 
message M, sl(M) and dlj(M), respectively.  A small letter m indicates a local message.  
A capital letter M indicates a global message for local message m.  Let dlj(m) denote a 
destination local message of a source local message m in subgroup Gj. Let sl(m) be a 
source local message of a destination local message m. Let g(m) denote a global message 
of a local message m.   

A notation “M1 →G M2” (M1 globally causally precedes M2 in group G) shows that 
global message M1 causally precedes global message M2 among the gateway processes in 
a main subgroup of group G.  A notation “m1 →i m2” (m1 locally causally precedes m2) 
indicates that local message m1 causally precedes local message m2 in subgroup Gi.  We 
define a causally precedent relation among local messages by using the globally and lo-
cally precedent relations →G and →i as follows:   
 
Definition: Local message m1 causally precedes local message m2 (m1 → m2) iff sl(m1) 
→i sl(m2), dli(m1) →i sl(m2) in some subgroup Gi, or m1 → m3 → m2 for some local mes-
sage m3.                                                               � 

The following property holds for the causally precedent relation → and globally 
causally precedent relation →G: 

Theorem 1 g(m1) →G g(m2) if m1 → m2. 

Proof: This is straightforward from the definition.                             � 

Suppose group G includes a pair of subgroups Gi and Gj, whose gateway processes 
are pi0 and pj0, respectively.  Local process pis in subgroup Gi sends local message m1 to 
local process pjt in subgroup Gj.  Local process pjt sends local message m2 before re-
ceiving destination local message m1' (= dlj(m1)) of m1 and receives local message m3 
after receiving local message m1' as shown in Fig. 2.  Since gateway process pj0 sends 
global message M2 to gateway process pi0 after receiving global message M1, M1 globally 
causally precedes M2 in the main subgroup G (M1 →G M2).  However, m1 is causally 
concurrent with m2 (m1 ∥ m2).  “M1 →G M2” if “m1 → m2” from Theorem 1.  However, 
“m1 → m2” does not necessarily hold even if M1 →G M2.  We have to discuss a mecha-
nism for ordering only a pair of global messages M1 (= g(m1)) and M2 (= g(m2)) such that 
“m1 → m2” holds.  That is, unless m1 → m2, a pair of global messages M1 and M2 can be 
delivered in any order.    
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Fig. 2. Two-layered group (TG). 

4. TG PROTOCOL 

We will next discuss a group protocol for one type of two-layered group, a broad-
cast two-layered group (B-TG) G, where every process sends messages to all the proc-
esses. We assume that networks are less reliable; i.e., messages may be lost due to com-
munication faults like congestion and unexpected delay.  We will discuss a basic data 
transmission procedure to causally order messages in a broadcast two-layered group G.  
Group G is composed of subgroups G1, …, Gk (k > 0).  Each subgroup Gi is composed 
of gateway process pi0 and local processes pi1, …, pili (li > 0).  Each local message m to 
be transmitted in subgroup Gi includes the following fields: 

 
m.seq = local sequence number;    
m.sg = source subgroup Gi;    
m.sp = source process pij in m.sg;    
m.rsq = local confirmation vector 〈rsq0, rsq1, …, rsqli〉 (li > 0);    
m.RSQ = global confirmation vector [RSQ1, …, RSQk] (k > 0);    
m.data = data. 
 
Each global message M includes the following fields: 
 
M.GSQ = global sequence number;    
M.SG = sender subgroup;    
M.SP = source process in M.SG;    
M.RSQ = global confirmation vector [RSQ1, …, RSQk];    
M.DATA = data. 
 
Each local process pij in subgroup Gi manipulates the following variables to receive 

and send local messages: 
 
seq = local sequence number;    
rsq = 〈rsq0, rsq1, …, rsqli〉;   
RSQ = [RSQ1, …, RSQk];   
ack = li × li acknowledgment matrix. 
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Each gateway process pi0 manipulates the following variables to receive and send 
global messages: 

GSQ = global sequence number; 
ACK = k × k acknowledgment matrix. 
 
The sequence numbers GSQ and seq are initially 1, and each element in global con-

firmation vector RSQ and local confirmation vector rsq are also initially 1 in every proc-
ess.  First, local process pis in subgroup Gi sends a source local message m as follows: 

 
m.sp := pis;  
m.sg := Gi;  
m.seq := seq;    
seq := seq + 1. m.rsqs := seq. m.rsqu := rsqu (u = 0, 1, …, li, u ≠ s);    
RSQi := RSQi +1. m.RSQ := RSQ. 
 

Then, gateway process pi0 receives outgoing local message m from source local process 
pis in subgroup Gi.  Here, variables of local confirmation vector rsq and matrix ACK are 
manipulated in the gateway process pi0 as follows: 

 
rsqs := rsqs + 1;   
acksu := m.rsqu (u = 0, 1, …, li). 
 

Gateway process pi0 sends all the gateway processes global message M(= g(m)), which is 
created from the outgoing local message m as follows: 

 
M.SG := m.sg;   
M.SP := m.sp;   
M.GSQ := GSQ;   
GSQ := GSQ + 1;   
M.RSQh := m.RSQh (h = 1, …, k, h ≠ i);   
M.RSQi := GSQ;   
M.DATA := m.data. 
 
Next, suppose gateway process pj0 in subgroup Gj receives global message M from 

subgroup Gi. Here, variables of global confirmation vector RSQ and matrix ACK are ma-
nipulated in gateway process pj0 as follows: 

 
RSQi := RSQi + 1;   
ACKih := M.RSQh (h = 1, …, k). 

 
Gateway process pj0 sends all the processes in subgroup Gj destination local message 
mj(= dl(M)), created from global message M as follows: 
 

mj.sp := M.SP;   
mj.sg := M.SG;   
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mj.seq := seq. seq := seq + 1;   
mj.rsq0 := seq. mj.rsqu := rsqu (u = 1, …, lj);   
mj.RSQ := M.RSQ;   
mj.data := M.DATA. 
 
Local process pjt receives destination local message mj from gateway process pj0 

according to the following procedure: 
 
rsq0 := rsq0 + 1;   
ack0u := mj.rsqu (u = 0, 1, …, lj);   
RSQh := max (RSQh, mj.RSQh) (h = 1, …, k). 
 
If local process pit receives local message m from local process pis in the same sub-

group Gi, then local and global confirmation vectors rsq, and RSQ, and matrix ack are 
manipulated in local process pit as follows: 

 
rsqs := rsqs + 1;   
acksu := m.rsqu (u = 0, 1, …, li);   
RSQh := max (RSQh, m.RSQh) (h = 1, …, k). 
 
Local messages received are causally ordered in a local process according to the fol-

lowing ordering rule: 
 
Ordering rule 1 Local message m1 locally precedes local message m2 in subgroup Gi (m1 
⇒ i  m2) if m1.rsq  < m2.rsq  and m1.RSQ  < m2.RSQ .                 � 
 
Theorem 2  If local message m1 causally precedes local message m2 (m1 → m2), then m1 
locally precedes m2 in subgroup Gi (m1 ⇒i m2) according to ordering rule 1. 
 
Proof: Suppose m1 → m2 but m1 ⇒i m2.  If m1 → m2, then g(m1) →G g(m2) according to 
Theorem 1.  If g(m1) → G g(m2), then m1 ⇒i m2. This contradicts the assumption.    � 
 

Global messages received are causally ordered in a gateway process according to 
the following ordering rule: 
 
Ordering rule 2 Global message M1 globally precedes global message M2 in main sub-
group (M1 ⇒G M2) if M1.RSQ < M2.RSQ.                                  � 
 
Theorem 3  If global message M1 globally causally precedes global message M2 in 
main subgroup (M1 → G M2), then M1 ⇒ G M2 according to ordering rule 2. 
 
Proof: Suppose M1 → G M2 but M1 ⇒ G M2.  If M1 → G M2, then dli(m1) ⇒i dli(m2) ac-
cording to ordering rule 1.  If dli(M1) ⇒i dli(M2), then M1 ⇒ G M2 according to ordering 
rule 2. This contradicts the assumption.                                    � 

Even if global message M1 globally causally precedes global message M2 in main 
subgroup G (M1 → G M2), the causally precedent relation “m1 → m2” does not necessarily 



TWO-LAYERED PROTOCOL FOR A LARGE-SCALE GROUP OF PROCESSES 

 

459

 

hold for local messages m1 and m2 of global messages M1 and M2, respectively.  Sup-
pose gateway process pi0 receives outgoing local messages m1 and m2 from local proc-
esses pi1 and pi2 in subgroup Gi, respectively.  Gateway process pi0 creates global mes-
sages M1 and M2 from outgoing local messages m1 and m2, respectively. Gateway process 
pi0 sends global message M1 before global message M2 if local message m1 causally pre-
cedes local message m2.  Here, suppose a pair of local messages m1 and m2 are locally 
causally concurrent in subgroup Gi (m1∥i  m2).  In the TG protocol, each time gateway 
process pi0 sends global message M, M.RSQi := GSQ and GSQ := GSQ + 1.  If gateway 
process pi0 receives local message m1 before local message m2, M1.RSQ < M2.RSQ; i.e., 
global message M1 globally precedes global message M2 (M1 ⇒G M2).  Thus, for a pair 
of local messages m1 and m2 sent in the same subgroup Gi, global message g(m1) may 
globally precede global message g(m2) even if m1 paralleli m2. 
 
Theorem 4  If local message m1 causally precedes local message m2 (m1 → m2) and 
m1.sg ≠ m2.sg, then global message g(m1) globally precedes global message g(m2) (g(m1) 
⇒ G g(m2)) in G according to the ordering rules. 

 
Proof: This is straightforward from the definitions and Theorem 3.                � 

 

Fig. 3. Communication among subgroups G1 and G2. 

Example. Fig. 3 shows group G, composed of two subgroups G1 and G2, where a pair of 
processes p10 and p20 are gateway processes. First, local process p11 in subgroup G1 sends 
a source local message a to all the processes in subgroup G1. Here, a.seq = 1, a.rsq = 〈1, 
2, 1〉, and a.RSQ = [2, 1]. Local message a is sent to gateway process p10. Gateway proc-
ess p10 creates global message A from local message a. Here, A.GSQ = 1 and A.RSQ = [2, 
1]. Gateway process p10 sends global message A with A.RSQ = [2, 1] to all the gateway 
processes in the main subgroup.   
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The global confirmation vector RSQ in gateway process p20 is changed to [2, 1]. 
Gateway process p20 sends a destination local message a2 of global message A to all the 
processes in subgroup G2. On receipt of the destination local message a2, the global con-
firmation vector RSQ is changed to [2, 2] in a pair of local processes p21 and p22 of sub-
group G2.   

Local process p21 sends a source local message b with b.seq = 1, b.rsq = 〈1, 2, 1〉, 
and b.RSQ = [1, 2] before receiving the destination local message a2.  The gateway 
process p20 sends global message B created from local message b after receiving global 
message A.  According to the traditional definition, global message A causally precedes 
global message B (A → B) since gateway process p20 sends global message B after re-
ceiving global message A.  However, since local message b is sent before local message 
a2 is received by local process p21, a pair of global messages A and B must be causally 
concurrent.  A.RSQ = [2, 1], while B.RSQ = [1, 2]. A pair of local messages a and b1 are 
causally concurrent (a parallel b1). a.rsq = 〈1, 2, 1〉 and a.RSQ = [2, 1] while b.rsq = 〈2, 2, 
1〉 and b.RSQ = [1, 2].  According to the ordering rules, neither global messages A and B 
nor local messages a and b1 are ordered. From Theorem 4, global message C globally 
precedes global message D (C →G D) even if a pair of local messages c and d are caus-
ally concurrent in subgroup G2 because a pair of local messages c and d are sent in the 
same subgroup.                                                         

 

Fig. 4. Data transmission. 

In each subgroup Gi, the vectors of message sequence numbers are used to causally 
order messages and detect message loss.  First, local process pis sends message m in 
subgroup Gi [Fig. 4].  After receipt of local message m, another local process sends a 
message confirming receipt of local message m.  Gateway process pi0 forwards global 
message M (= g(m)) to other gateway processes.  On receipt of global message M, 
gateway process pj0 sends local message mj (= dlj (M)).  On receipt of local message mj, 
every local process pjt sends a message confirming receipt of local message mj.  If local 
message mj is pre-acknowledged in gateway process pj0, gateway process pj0 sends global 
message N with confirming receipt of global message M.  If global message M is 
pre-acknowledged in gateway process pk0, gateway process pk0 sends local message nk 
confirming receipt of local message m.  On receipt of local message nk, local message m 
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is pre-acknowledged in every process of subgroup Gk.  In each local process, messages 
are ordered according to ordering rule 1 by the local confirmation vector rsq and the 
global confirmation vector RSQ as discussed in the preceding section.  If a process loses 
a message m in a subgroup, one process which accepts that message m forwards it to a 
process which fails to receive m.     

5. EVALUATION 

The two-layered group (TG) protocol is evaluated have in terms of time needed to 
deliver a message. The delay time is the sum of the processing time in the gateway and 
local processes and the communication delay time. The following parameters are used to 
evaluate the protocols: 

    
n = number of processes in a group G;    
k = number of subgroups;    
li = number of local processes in each subgroup Gi;    
δF = delay time in a flat group;    
δT = delay time in a two-layered group. 
 
In the TG protocol, the size of a global confirmation vector RSQ is k (< n), and the 

size of a local confirmation vector rsq is li (< n) in subgroup Gi.  The overhead of each 
local process in subgroup Gi is on the order of (li + k) li, O((li + k)li).  The overhead for 
communication among gateway processes is O(k2) for k subgroups.  The overhead of a 
gateway process in subgroup Gi is O((li + k)li + k2).    

It takes three rounds to deliver messages in the two-layered group, while it takes one 
round in the flat group.  The delay time δT in the two-layered group was compared with 
the delay time δF in the flat group.  In the evaluation, the delay time mean the duration 
from the time when a process created a message until the time when all the processes 
received and manipulated the message in a group.   

In the evaluation, the processes of a group were realized in a computer.  A com-
munication process was realized to simulate one-to-one and broadcast types of commu-
nication. The processes communicated with other processes through the communication 
process.  In a flat group, we considered a pair of processes [Fig. 5].  In a two-layered 
group (TG) composed of k subgroups G1, …, Gk, we considered four processes [Fig. 6].  
Here, we assumed that every subgroup included the same number l of local processes, 
and that k = n . The minimum overhead of a gateway process was obtained for k = 

.n  
First, suppose a process sends a message to each destination process, i.e. a 

one-to-one network. Here, a process sends n messages that are delivered to n processes in 
a flat group. On the other hand, a local process sends l local messages in a source sub-
group, then a gateway process sends k global messages, and then a gateway process 
sends l local messages in a destination subgroup, all which happens in a two-layered 
group. Fig. 7 shows the delay time for n processes in a group. The figure shows that the 
two-layered group (TG) protocol had a shorter delay time than the flat group. For exam-
ple, the delay time was reduced to 80.5 [%] for n = 25, 14.3 [%] for n = 400, and 4.5 [%] 
for n = 1600. 
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Fig. 5. Delay time in a flat group. 

 

Fig. 6. Delay time in a two-layered group. 

 
Fig. 7. Delay time in a one-to-one network. 
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Next, suppose a process broadcasts a message in each subgroup.  That is, each lo-
cal process delivers each message to all the local processes, including a gateway by 
means of one transmission.  Fig. 8 shows the delay time for n processes in a group.  If 
n ≥ 900, the two-layered group had a shorter delay time than the flat group.  For exam-
ple, the delay time was reduced to 93.5 [%] for n = 900, 70.7 [%] for n = 1225, and 66.4 
[%] for n = 1600.    

 
Fig. 8. Delay time in a broadcast network. 

6. CONCLUDING REMARKS 

We have discussed the two-layered group (TG) protocol for a large-scale group of 
processes.  Here, processes in a local area network make up a subgroup.  Subgroups 
are interconnected with a wide-area network.  In the TG protocol, each message carries 
a confirmation vector, whose size is smaller than the total number n of processes.  We 
have evaluated the TG protocol in terms of the delay time and compared it with the tradi-
tional flat group. We have shown that the TG protocol has a shorter processing time than 
the flat group. 
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