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The OSI transport protocol includes several mechanisms designed to improve per
formance in different environments. This paper presents the results of a research 
project, developed by the National Bureau of Standards (NBS) and the Madrid 
University of Technology (UPM), intended to assess the effect of three of these 
mechanisms on throughput observed between two transport users communicating 
over X.2S networks. 

The transport mechanisms considered, splitting, concatenation, and acknowledge
ment withholding, are described and simulation results are presented. The simu
lation indicates that use of these mechanisms results in significant improvements 
in transport user throughput. (The simulation results have been validated with live 
experiments conducted between NBS and UPM over two concatenated X.2S net
works, ACCUNET and IBERPAC. The live experiments are not presented here 
due to lack of space, but they can be found in the references). 

1. INTRODUCTION 

In the Open Systems Interconnection (OSI) Reference Model, the transport layer is responsi
ble for providing a high-quality, end-to-end transmission service and, at the same time, for 
optimizing the use of the available network service [1]. To address the latter requirement, the 
OSI transport protocol uses several mechanisms designed to improve performance in different 
environments. 

The Madrid University of Technology (UPM), under the auspices of the Spanish telephone 
company (Telefonica), and the National Bureau of Standards (NBS) have developed a 
cooperative research project to assess the effect of several transport mechanisms on perfor
mance observed between two OSI transport users communicating over X.2S networks. 

The performance study consisted of simulated and live experiments intended to evaluate the 
impact on user throughput in the case of uni- and bi-directional bulk data transfer when three 
mechanisms, splitting, concatenation, and acknowledgement withholding, are employed. The 
intent of these mechanisms is to allow more efficient use of the network resources. Formerly, 
a throughput analysis of the transport protocol over X.25 networks was proposed [2] and com
pleted [3] for some simple cases. In general, the simulation results are in good agreement 
with the analytical expressions. After the simulation, several live experiments were conducted 
between Washington, D.C. and Madrid, with two transport protocol implementations con
nected over two concatenated X.2S networks, ACCUNET and IBERPAC. Uve experiment 
results are reported in [4]. 

The simulation model used in the project is described in Section 2. Section 3 provides details 
of the three mechanisms and the rationale for their use. The simulated experiments and 
results are discussed in Section 4, with our conclusions in Section 5. 
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2. SIMULATION MODEL 

The simulation model used in the experiments has a layered structure paralleling that in the 
OSI Reference Model and consists of three main modules: upper layers, transport and net
work. The upper layers, five through seven, are represented by a traffic generator that simu
lates several typical applications, including uni- and bi-directional bulk data transfer. 

The transport layer is a detailed simulation of the transport protocol mechanisms required for 
the experiments [5]. This module simulates the mechanisms for normal and expedited data 
transfer, error detection and recovery, flow control, segmentation of user data, concatenation 
of protocol data units, and multiplexing and splitting of transport connections, in conformance 
with the CCITT recommendation [6]. Control is provided over transport parameters such as 
retransmission timers, window size, window timer, maximum message size, degree of ack
nowledgement withholding and mapping between transport and network connections. Metrics 
provided include throughput, delay, retransmission counters, protocol efficiency, and resource 
utilization (channel, CPU and memory). 

The X.25 layer models the service from the point of view of the X.25 users, in terms of param
eters observable at the local X.25 interface and without details of the internal network struc
ture. The X.25 flow control mechanism is represented by two parameters: the window size 
and the window advance delay, defined as the time elapsed between the sending of a data 
packet to the network and the delivery of the corresponding acknowledgement packet. Other 
X.25 parameters are the access link speed, number of virtual circuits, maximum packet length 
and transit delay across the network. 

The simulator, written in the C language, consists of about 15,000 source lines and runs 
under VMS or 4.2 BSD Unix. 

3. PROTOCOL MECHANISMS 

Although different in detail, the three protocol mechanisms described in this section, which fall 
within the bounds of the international standards, attempt to increase the throughput observed 
by the transport user by making better use of the network resources. The recommendation 
X.224 defines five groups of mechanisms called protocol classes. Concatenation and ack
nowledgement withholding are included in all the classes except class 0 (the minimum tran
sport kernel). Splitting is available only in class 4, the most complete subset. 

3.1. Splitting and Recombining 

The class 4 transport protocol can split one transport connection across multiple X.25 virtual 
circuits (VCs). In this case, the transport messages, called transport protocol data units or 
TPDUs, for one connection are sent over several VCs (splitting). Since different VCs between 
a pair of end systems may have different transit delays, reordering may occur in the receiving 
transport protocol entity (recombining). 

The rationale for using this mechanism to increase transport user throughput is tied to the 
flow-controlled nature of VCs. Each VC is independently flow-controlled, typically with a win
dow size of two. Given the relatively long transit delay across concatenated X.25 networks, it 
is possible for the X.25 flow control window on a VC to become depleted while there remains 
outbound data queued in the end system. '* The window limitation can be circumvented, how
ever, by opening multiple VCs between end systems, taking advantage of the resultant aggre-
gate window available. . 

3.2. Concatenation of Transport Data and Acknowledgements 

The international standard transport protocol specification allows transport messages bound 
for a remote end system tooe concatenated into a single network message, subject to a set 
of concatenation rules. Because data and acknowledgement messages (OT and AK TPOUs, 
respectively) compose the bulk of messages transferred and, thus. potentially have the 
greatest effect on transport user throughput, we chose to study the rules as applied to only 
these messages. For simplicity, we further restricted the scope to concatenation of 
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acknowledgement and data messages from a single transport connection. 

The objective of concatenation is to reduce the total number of X.25 messages transmitted for 
a given number of transport messages. Without concatenation, AK and OT TPOUs are sent 
in separate network messages; each concatenation of an AK and OT, then, eliminates the 
need for one network message. Thus, while the number of transport messages exchanged 
between two transport entities is the same as it would be without concatenation, it is accom
plished with fewer X.25 messages, conserving the available X.25 window. Note that for this 
benefit to accrue requires bi-directional data flow on the transport connection; OT TPDUs 
flowing in one direction are concatenated with AK TPOUs resulting from data flowing in the 
opposite direction. ' 

3.3. Transport Acknowledgement Withholding 

To reduce the number of transport messages exchanged in transferring a given amount of 
transport user data, a transport entity may choose to withhold AK TPOUs until several DT 
TPOUs have been received [7]. An alternative view of withholding is that the receiving tran
sport entity sends an AK TPDU upon receipt of every Nth DT TPOU. 

By withholding acknowledgements, the X.25 flow control window is conserved in the direction 
of flow of the acknowledgements. The resulting savings in the X.25 window can be used to 
send transport data messages. As with concatenation, data must be flowing in both directions 
to realize a benefit in transport user throughput. 

4. SIMULATION RESULTS 

The simulation study investigates the interactions between the transport mechanisms 
described in Section 3 and the X.25 interface parameters. The specific goals of the simula
tion were to select appropriate ranges for the many adjustable parameters and predict the 
performance to be expected in real operation. 

The following experiments are presented here: 

a) Effects of splitting transport connections across several virtual circuits. 
b) Effects of concatenating transport data and acknowledgements, in the case of bi-:

directional traffic. 
c) Effects of transport acknowledgement withholding. in the case of bi-directional traffic. 

In the simulated experiments, the upper layers are represented by a traffic generator that 
simulates a uni- or bi-directional bulk data transfer over the transport connections. The X.25 
interface parameters simulate the actual characteristics of the X.25 virtual circuits between the 
UPM and NBS system,s over ACCUNET and IBERPAC. Note that the X.25 local access link 
speed for the simulation experiments is 9600 bits per second, which determines the upper 
bound on X.25 network throughput. The one-way transit delay across the X.25 network is 
another important parameter. According to measurements of delay between the two sites, we 
chose an Erlang distribution with parameter k=10 and mean value 0.75 seconds and 1.75 
seconds for small and large packet sizes, respectively. The small packets, about 10 octets, 
are those carrying transport acknowledgements while the large packets, that usually have the 
maximum length of 128 octets, are those carrying transport data. In the simulation, the X.25 
window size was in the range 2 to 6 packets (although in the actual experiments only a win
dow size of 2 was available) and the X.25 window advance delay was set to 2.25 seconds. 

In the transport layer, several parameters were set to the same values in all the experiments. 
These include (see [6]) non-use of checksum, extended sequence numbers and very high 
values for the retransmission and window timers to avoid spurious retransmissions. Table 1 
summarizes the parameter values used in each experiment and Figures 1 through 3 show the 
transport user throughput, defined to be the number of user data octets sent and received on 
a transport connection divided by the duration of the transfer. 
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TRAFFIC CHARACTERI STICS 

Direction 
Distribution of arrivals 
Numbe r of TSDUs 
Size of TSDU (octets) 
Size of TIDU (octets) 
Transport Connections 

TRANS PORT CHARACTERI ST ICS 

Wi ndow Si ze (# of msgs) 
Max. DTs (octets) 
Check sum 
Extended Format 
AK: DT Ratio 
Retransmission Timer (s) 
Window Timer (s) 
Reordering of TPDUs 
Use of Concatenation 

X. 25 CHARACTERISTICS 

Number of VCs 
VC Window Si ze (# of msgs) 
Mean transit delay (s) 

4.1. Splitting 

TABLE 1 
Experiment Parameters 

1- SPLITTING 2- CONCAT 

Uni-dir Bi-dir 
Continuous Continuous 
20 2*25 
1200 10*TIDU 
120 8 .. 238 
1 1 

2 .. 32 100 
128 256 
no no 
yes yes 
1:1 1:1 
60 60 
100 100 
yes yes 
no no/yes 

1,2,3,4 1 
2 2, 6 
0.75 -1.75 0.75 - 1.75 

3- AI< WITHHOLDING 

Bi-dir 
Continuous 
2*16 
2400 
120 
1 

50 
128 
no 
yes 
1:1 .. 1:16 
60 
100 
yes 
no 

1 
2,4, 6 
0.75 - 1.75 

The results of the experiments on splitting of transport connections show the expected 
increase in throughput when the network window for a single VC, set to 2 packets in this 
case, is the limiting factor (Figure 1). 

With splitting, the throughput increases by a factor equal to the number of VCs used and the 
delay decreases by the same factor. However, the ordered delivery of data, an inherent pro
perty of a single virtual circuit, is lost in the recombining procedure because the packets sent 
through different virtual circuits may have different delays. The class 4 protocol can reorder 
the data messages, but at the cost of a higher receive memory utilization. In the simulation 
results, the percentage of misordered DTs ranged from 25% with 2 VCs to 55% with 4 VCs. 

4.2. Concatenation 

The second group of experiments measures the effects of concatenating transport data and 
acknowledgements, in the case of bi-directional traffic, for several DT TPDU lengths. Con
catenation reduces the protocol overhead introduced by network headers and the X.25 win
dow consumed by transport acknowledgements. 

The reduced overhead causes an increase in network protocol efficiency, especially for short 
DT TPDUs. The transport protocol efficiency, however, is not affected by use or non-use of 
concatenation; the equivalent number of transport overhead bits are sent in both cases, pack
aged differently within network messages. The savings in X.25 window is the main factor that 
causes the increase in user throughput shown in Figure 2. These curves have abrupt drops 
around multiples of 128 octets, when an additional X.25 data packet is required for each AK -
OT pair, if concatenation is being used, or for each OT, if concatenation is not used. In this 
experiment the X.25 window was set to 2 and 6 packets, as indicated in, the graphs. 
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FIGURE 1 
Throughput with Splitting. Simulated Results 
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FIGURE 2 
Throughput withlwithout Concatenation. Simulated Results 
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4.3. Transport Acknowledgement Withholding 

The experiment on transport acknowledgement withholding also shows an increase in user 
throughput, which results from a smaller transport protocol overhead and savings in the X.25 
window, as was discussed in Section 3.3 (see Figure 3). The benefit of employing AK with
holding decreases for each incremental increase in N. Figure 3 suggests that, in the environ
ment simulated, the gain in throughput with network window of 4 or 6 for N greater than 8 is 
insignificant; for a window of 2, the equivalent N is 4. 
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FIGURE 3 
Throughput with 1:N Acknowledgement. Simulated Results 

5. CONCLUSIONS 

This paper presents a simulation study of OSI transport protocol performance over X.25 net
works. Use of the three mechanisms considered, splitting, concatenation and acknowledge
ment withholding, result in significant transport user throughput improvements. 

As the number of VCs supporting a transport connection increases from one, the rise in 
observed transport user throughput is significant. From one to two VCs maximum throughput 
increases by 76%; from one to four, 186%. The simulation results for concatenation of AK 
and OT TPOUs predict a rise in throughput of 45% for a network window of 2 (250/0 for a win
dow of 6) when sending 256 octet concatenated transport messages. This is due to the more 
efficient use of the available network window. Use of acknowledgement withholding produces 
a throughput improvement of 30% over the concatenated X.25 networks. The increase is due 
to expending less of the limited network window on acknowledgements, allowing a higher pro
portion of data messages. 
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