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ABSTRACT 

This paper addresses the performance evaluation of the 
Balanced Class of HOLC procedures. The analysis is based 
on the notion of a "virtual transmission time", an idea 
which in a recent paper was successfully applied to the 
performance analysis of terrestrial HOLC links. The pre
sent paper extends the analysis to those cases where pro
cessing and propagation delays cannot be neglected. The 
derived analytic results for maximum throughput' and mean 
transfer time allow a fast and accurate performance evalu
ation of HOLC-controlled links. They are validated by 
comparison to results obtained from the simulation of a 
data link, in which the information exchange phase of 
HOLC, Balanced Class of Procedures,was implemented in 
full detail. 

-
1. INTRODUCTION 

The task of a data link control procedure is to establish 
and terminate logical connections betw.een data stations, 
to handle the transfers of data between them, and to ensure 
message integrity in these transfers. A data ·station in 
this context may be a terminal, a host computer, or a 
switching node within a packet switching network. 

'The procedure which has become an international standard 
under the name HOLC (High Level Data Link Control)/1,2,3/ 
is closely related to other link control procedures, like 
e.g. AOCCP (Advanced Data Communication Control Procedure), 
the national american standard or SOLC (Synchronous Data 
Link Control) of IBM. Furthermore, LAP B, the second level 
of CCITT recommendations X.25 and X.75 is compatible to 
the Balanced Class of HOLC procedures. 

-rhis paper addresses the performance evaluation of HOLC, 
Balanced Class of Procedures. The approach is based on the 
notion of a "virtual transmission time" of the transmitted 
frames, an idea, which in a recent paper /4/ was success
fully applied to the performance analysis of terrestrial 
data links with negligible propagation and processing de
lays.The present paper extends the analysis presented in 
Ref./4/ to the case of data links with non-zero processing 
and propagation delays. The analytic results for maximum 
throughput of the link and mean transfer time of the 
messages are validated by comparing them to results ob
tained from the simulation of a data link, in which the 
information transfer phase of HOLC, Balanced Class of 
procedures was implemented in full detail /5/. 
Related performance investigations of full-duplex data links 
have been performed in Ref./6/ for the throughput behavior 
of SOLC and the Unbalanced Classes of HOLC and in Refs./7,8/ 
for throughput and transfer time of an HOLC-like protocol. 

2. HOLC PROCEDURES - DATA LINK MODEL 

2.1 Main Characteristics of HOLC 
In this section we briefly review the main features of 
HOLC, and especially of its Balanced Class of Procedures. 
For further details the reader is referred to the HOLC 
documents /1,2,3/. 

2.1.1 HOLC Frames 
In HOLe all transmissions are in frames and each frame 
conforms to one of the tormats shown in Fi g.1. There are 
three types of frames: 
(1) Information frames (Information format): These contain 

an arbitrary sequence of user bits within the informa
tion field. Information frames (I-frames) are sequen-
tially numbered with their send sequence number N(S) 
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and allow piggybacking of acknowledgments by using 
their receive sequence number N(R). Furthermore, they 
can carry a Poll/Final bit. 

(2) Supervisory frames (Supervisory format): These are 
generally used to perform functions such as acknow
ledging correctly received I-frames by their receive 
sequence number N(R), requesting a retransmission, or 
requesting a temporary suspension of' I-frames. Super
visory (S-)frames can also carry a Poll/Final bit. 

(3) Unnumbered frames (Information format or Supervisory 
format): These are frames required to perform functions 
such as link initialization or clearing. Since we con
sider in this paper the performance of HOLC during its 
information transfer phase, the functions of the un
numbered frames are irrelevant for our investigations. 

a) 

.b) 

Fig. 1: Frame formats 6f HDLC (unextended control field 
format) 
a) Information format 
b) Supervisory format. 

2.1.2 Balanced Class of Procedures 
HOLC distinguishes between Unbalanced and Balanced Classes 
of Procedures. In the present paper we consider the Balan
ced Class of Procedures which is intended for point-to
point configurations requiring equal control capability 
of both stations. The link operates in the Asynchronous 
Balanced Mode and consists of two Combined Stations which 
send and receive both commands and responses. 

2.1.3 Examples of Balanced Operation 

Here we attempt to describe the operation of a full-duplex 
data link under HOLC, Balanced Class of Procedures with 
the aid of some typical 'sequences of Information and Super
visory frames. The sequences are illustrated in Figs. 2-5 
with the aid of the commonly used time-line diagrams. The 
lines labelled A to B (B to A) depict frames transmitted 
from station A (B) to station B (A). 

A to B 11,2 I I 2,3 I 13.1. I 11.,5 I 

BtoA ... • 13,1,11.,2,15,3,16,1., 

~: I-frame with n=N(SI. m= N(RI 

Fig. 2: Example of Balanced operation - Information 
exchange without transmission error. 

The first example (c.f. Fig.2) represents the simplest op
eration, namely, information exchange without errors. Both 
stations are continously transmitting I-frames which they 
number sequentially with the send sequence number N(S)=l, 
2,3, ... , the first of the two numbers indicated for each 
frame. The second number respresents the receive sequence 
number N(R) which is used to acknowled~e ~orrectly received 
I-frames. A receive sequence number m lndlcates that the 
station transmitting it, has correctly received all 1-
frames numbered up to m-I. 
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Time --
AtoB 10.011.0 12.1,13.2,14.3,15,4.11,4.12.5. 

~ /: . 
10,0 11,0 12,1 13,1 REJ1 14,1 15,1 16.1 17,2 

BtD A ' , , I ' I ' ri' e , , _. 

~ l!e: 
--L : errored I-frame 

~ : retransmitted I-frame 

Fig. 3: Example of Balanced operation - Transmission 
error recovered by REJ-function. 
(tp:processing plus propagation delay, 

c.f. Section 2.2) 

The second example demonstrates information exchange in
cluding transmission errors (c.f. Fig.3). It shows in par
ticular the use of the optional function REJ (reject) which 
is used for a more timely reporting of sequence errors. We 
assume that the I-frame with N(S)=1 of station A is re
ceived in error and therefore discarded by station B. How
ever, · no recovery action is started before station B re
ceives the first correct I-frame following the disturbed 
one. In our example, station B issues an REJ-frame upon 
receipt of the correct I-frame with N(S)=2. Having received 
the REJ I-frame station A retransmits the requested frame 
with N(S)=1 plus all additional I-frames which have been 
subsequently transmitted. The retransmission of all 1-
frames following a disturbed one is typical of the use of 
the REJ-function. It is in contrast to the optional ~REJ 
(~elective Reject) function, where only the disturbed 1-
frame is retransmitted. Due to its much greater complexity 
the option SREJ is only rarely implemented in current 
systems. 

AIoB 174. 12.5 ,13,6, I 4,7 ,I 5,0 $RR',~ 
: i \ I I 
I I 

15,1 16,1 17,1 10,1 11,1 12,1.13,1 RR1,F 14,1 
B to A L.' _;.....-:-_.A...._ ....... _ ...... __ "-:-I - ... 1.-_ ... '_ ..... _-.... 

1 
.1 

Fig. 4: Example of Balanced operation - Time-out recovery 
in case of a disturbed retransmission. 
(tout:duration of time-out) 

If a retransmitted I-frame is again disturbed then the REJ
recovery must not be repeated according to the rules of 
HOLC but the error situation is usually resolved by time
out recovery. This situation is illustrated in Fig.4, 
which can be conceived as continuing the sequence of Fig.3, 
if the retransmitted I-frame with N(S)=1 is again disturbed. 
As shown in Fig.4 station A continues to transmit I-frames 
until a system-specified time-out expires. After 'station A 
has timed out it inquires status by transmitting an RR 
(Receive Ready)-frame with the P-bit set to 1, RRl,P. In 
response to this command station B transmits an RR response 
with the F-bit set to 1, RRl,F. Upon receipt of this RR
frame, station A retransmits the I-frame with N(S)=1 once 
more, according to the rules of P/F-bit recovery (check-
pointing). . 

Ab>. ,11.,!~, 'l!J 'B'~i'0.0911.0, '" 

B 10 A 11,1 12,1 17,1 --. RR~RR3 I .1 0,0,11.0, 
~ ... ~ "'H ·U... I" ..••• 

I . tp .1 : tp • I 
Fig. 5: Example of Balanced operation - Influence of the 

modulus M of the sequence numbers. 

A further property of the procedure which we must take into 
account when determinlng its performance is the influence 
of the modulus value. The sequence numbers of the I-frames 
cycle through the set of numbers Q,1,2, ••• ,M-l, where M is 
the modulus value. The modulus equals 8 for the unextended 
control field format and 128 for the extended format ./2/. 
As illustrated in Fig.5 the modulus may, under certain 
conditions, for example long propagation delays, influence 
the data flow over the link, because a station must stop 
transmitting further I-frames if it has M-I unacknowledged 
I-frames simultaneously outstanding. This restriction is to 
prevent any ambiguity in the association of I-frames with 
sequence numbers. 
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2.2 Data Link Model 
Fig.6 shows the structure of the data link model. It con
sists of two data stations connected by a full-duplex cir
cuit. The link is controlled by HOLC, Balanced Class of 
Procedures including the optional function REJ. Messages 
to be transmitted from station A to station B, or vice 
versa, are stored in the send buffer of the sending station 
where they have to wait for transmission. Messages are 
transmitted according to first-come, first-served, one 
message per I-frame. Throughout this paper we assume that 
the size of the message buffers is unlimited and that the 
messages are of constant length ~. The transmission 
channels are characterized by their transmission rate v, 
their bit-error probability Pbit (independent bit errors), 
and their (one-way) propagation delay tproP' Furthermore, 
we assume that for the processing of a received frame · a 
constant time tproc is required. For the analysis, we com
bine propagatioh and processing delay in a constant but 
arbitrarily prescribable delay 

tp = tproc + t prop (1) 

With respect to the traffic conditions on the link we 
distinguish between two situations. First, the saturated 
case where a station always has information to send (c.f. 
Section 3), and, second, the non-saturated case where the 
amount of information to be transmitted varies statistic
ally (c.f. Section 4). In the first case, the maximum 
throughput is the essential measure of performance, wherea~ 
in the second case, average delays or delay distribution 
functions characterize the performance of an HOLC~on
trolled data link. 

HOLC BALANCED CLASS r----------, 

Fig. 6: Structure of the data link model . 
(AA,AB:message arrival rates, c.f. Section 4.1) 

3. THROUGHPUT ANALYSIS 

In this section we derive analytic expressions for the 
maximum information throughput of a link, which is 
achieved if both stations have information to send at any 
time (saturated message queues). The value of the maximum 
throughput and its dependence on the relevant system para
meters is interesting for batch applications in data 
cOl1111unication. 
The various time components considered subsequently are 
defined in such a way that the definitions are valid for 
the non-saturated case, too (c.f. Section 4). 

3.1 The Concept of the Virtual Transmission Time 
We add~ess the problem by using the concept of the virtual 
transmission time which we have already successfully ap
plied to the performance analysis of terrestrial HDLC 
links /4/. In order to cope with propagation and processing 
delays and their interaction with the finite modulus value 
we extend the notion of the virtual transmission time, as 
defined in Ref./4/, in the following way: 
The virtual transmission time of an I-frame with N(S)=i 
begins with the start of its transmission provided the 1-
frame with N(S)=(i-l) is (or will be) received in sequence 
and without transmission error. It terminates at the end 
of its transmission at the sending station provided this 
transmission of the frame is successful. If the I-frame 
with N(S)=i cannot be transmitted due to M-I simultaneously 
outstanding I-frames its virtual transmission time is pro
longed by the time it has to wait until the "modul us wi ndow 
opens againll (c.f. Fig.? and Section 3.2). 
This definition enables us to replace the complicated se
quence of 1- and S-frames in case of errors by an equiva
lent but much simpler sequence of virtual transmission 
times. The expectation tv of the virtual transmission time 
corresponds to the mean time required to successfully 
transmit one I-frame from station A to station B, or vice 
versa. Therefore, the maximum information throughput T is 
given by: 

(2) 
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In what follows, we derive an expression for the mean vir
tual transmission time in case of saturated message queues 
by taking into account all mechanisms having the major 
impact on the performance. 
Throughout the analysis it is assumed that the probability 
that an S-frame is disturbed can be neglected. (The S
frame length is 48 bit for the unextended and 56 bit for 
the extended Control Field Format.) 
The considerations pertain to the direction of transmission 
from A to B. Due to the Balanced Procedure the results for 
the other direction can be obtained in the same way. The 
principle of analysis allows to handle symmetrical and 
asymmetrical situations of the link; in favour of a 
simpler notation we describe the analysis for symmetrical 
conditions of both directions of the link. 

3.2 Principle of Analysis 

To cope with the interaction among the finite modulus M 
and transmission errors we determine the mean virtual 
transmission time tv by considering first the conditi.onal 
virtual transmission time given that the considered 1-
frame "sees" a certain width w of the modulus window. The 
window width is defined in this context as the maximum 
number of I-frames which at the beginning of the virtual . 
transmission time of the considered I-frame can be trans
mitted until the maximum number of M-I simultaneously out
standing I-frames is reached (c.f. Fig. 7). 
We denote by ~(w) the probability that I-frames see a 
window width w at the beginning of their virtual trans
mission time and by tv(w) the mean virtual transmission 
time of these I-frames. Then the mean virtual transmission 
time can be written as 

M-l 
tv = I CP(w) t (w) 0) 

w=o v 

In Sections 3.3 and 3.4 we derive expressions for the pro
babilities ~(w) and the conditional expectation values 
tv(w) for those cases where the modulus M affects the 
throughput. The latter depends on the actual values of the 
modulus M, the propagation plus processing delay tp and 
the I-frame transmission time tI. More precisely, the mo
dulus influences the throughput if the acknowledgment time 
Tack between the end of a virtual transmission time of an 
I-frame and the receipt of its acknowledgment is greater 
than the time to transmit M-2 I-frames (c.f. Fig.7). 
The derivation of the virtual transmission time in case of 
Tac~(M-2)tI is briefly discussed in Section 3.5 as a sim
ple special case of the general considerations in Sections 
3.3 and 3.4. 

3.3 The Process of the Window Width 

Fig.7 illustrates how transmission errors and the modulus 
interact and affect the virtual transmission time of the 
I-frames. It shows in particular the values of the window 
wi~th W defined at the beginning of the virtual trans
mission times. For the sake of a simplified representation, 
it is assumed that the modulus M is equal to 4 and that 
station B has no I-frames to transmit. Therefore, station 
B acknowledges in the example of Fig.7 correctly received 
I-frames by using RR-frames. 
We can see that due to the specific definition of the vir
tual transmission time the channel A to B is "virtually" 
occupied without any gap in time in the saturated case. 
Therefore, the window width W as defined above can have 
only the values O,I,2, ... ,M-2 because at the beginning of 
a virtual transmission time the preceding I-frame cannot 
yet have been acknowledged. 

~~~ ~~ 
AIDB, 1~0/11.0!I2,O ( /,110

1 I o,o~ /1 13,0110,0/ 

BIDA ! :~j{!gi - ~/ I i 
~~-l: r-0 1 
! TQck~ I I 
~-.-, I I I 

! ~121: 1O(1)! TolD) ! Te (0) Tr ~ 
Lty(2) I Ty(1) I TyIO) ilV(2)1 

Fig. 7: Impact of modulus M and transmission errors on 
virtual transmission time T • 
(M=4; abbreviations c.f. te~t) 
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Under our assumptions the process of the window width W 
forms a Markov-chain which is illustrated in Fig.8 and 
described as follows: 
The window width W is reduced by 1 every time an I-frame 
is successfully transmitted (probability I-PB, where PB 
represents the block-error probability of the I-frames) 
until the minimum achievable value of W=O is reached (note 
that we consider here the case .Tack>(M-2)tI). I-frames, 
which see a window width w=o are delayed for a certain 
time Td until they can be transmitted due to a received 
acknowledgment. The value of Td is approximately determi
ned in Section 3.4.3. 
Following a disturbed I-frame (see e.g. I-frame with N(S)=3 
in Fig.7), the window width W returns to M-2 because by 
definition the next observation epoch of the window pro
cess is located just after the error recovery action is 
finished. 

Fig. 8: State-trans~tion diagram of the window width 
process. 

From the state-transition diagram of the window process 
shown in Fig.8 the probabilities $(w) can be easily 
determined: 

M-2-w 
P.B(.l.-PB ) 

$(w) = M-l for w£{O,1, ••• ,M-2} (4) 
l-(l-PB) 

3.4 Conditional Expectation Values of the 
Virtual Transmission Time 

With probability I-PB the considered I-frame is not dis
turbed. Since an I-frame which sees a window width w=O is 
delayed for a time Td until the windoW· opens again, the 
virtual transmission time Tv(w) is given by (see Fig.7): 

{

tr+Td w=O 
Tv(w) = To(w) = (5) 

. tr w£{1,2, ••• ,M-2} 

With probability PBn(I-PB) exactly n transmissions of the 
considered I-frame are dlsturbed before it is correctly 
received. As described in Section 2.1.3, if a retransmis
sion of an I-frame is disturbed, then the error situation 
is resolved by time-out recovery. Therefore, in this case 
Tv(w) is equal to (c.f. Fig. 7): 

Tv(w) = To(W) + Te(W) + Tr 

+ (n-l)(tr+tout+ts+tp+Tr) + tr (6) 

The precise definitions of the time components Te(w) and 
Tr are given in Sections 3.4.1 and 3.4.2. 
Hence the conditional expectation values of the virtual 
transmission time are equal to 

tv(w) = E [Tv(W)] 

PB 
= E[T (w)]+ -- tr + PB E[Te(W)] 

o i-PB 

p2 
+ ~ E[Trl + _B_(tout+ts+tp) 

l-PB i-PB 

The values E[Te(w)], E[Tr]' and E[TdJ which are necessary 
to evaluate E[Tv] according to Eqs. (3) and (7) are sub
sequently derived. 

3.4.1 Time Component Te(w) 

The time component Te(w) in Eq. (7) is in general defined 
as follows (c.f.Fig. 7): Let the I-frame with N(S)= i be 
the considered frame for which the window width is equal 
to w at the beginning of its virtual transmission time. 
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Then Te(w) is equal to the interval between the end of 
transmlssion of this I-frame at station A and the receipt 
of the first error-free I-frame at station B following the 
I-frame with N(S)=i, or the receipt of an RR-frame with P
bit set to 1 following the expiration of the time-out 
(duration tout). 
I n order to determi ne the expecta ti on of the component T e (w) 
we must differentiate among the cases where REJ-recovery 
is performed and the cases where time-out recovery is per
for"!ed. 
REJ-recovery is possible only if, following the disturbed 
I-frame with N(S)=i, one of the I-frames with N(S)=i+j 
(mod M), j~l,is received without transmission error. 
For the number j there exist two upper bounds: One is 
clearly given by M-2, the other one is given by the maxi
mum number h of I-frames which can be transmitted before 
the time-out expires~ Since the time-out duration certain
ly includes the time interval Td, it holds 

h = [(tout-Td)/tr] + 1 (8) 

where [Y] is defined as the greatest integer not exceeding 
Y . The maximum value c of the number j is therefore 
equal to: 

j .i c = inf{h,M-2} (9) 

Considering first the case w=O we can distinguish between 
the following two cases: 
(l) ··With probability PBx(l-PB) , x = O,I, ••• ,c-l , the 

first error-free I-frame following the considered one 
has a send sequence number N(S)=i+x+l (mod M). In 
this case the error situation is resolved by REJ re
covery and it holds: 

Te (9) = (x+l)t r + tp (10) 

(2) With probability p~ all c I-frames following the con
sidered one are disturbed. In this case the error 
situation is resolved by time-out recovery. Therefore, 
the component Te(O) is equal to 

Te(O) = tout + ts + tp 

From this it follows: 
c-l 

E[Te(O)] = t r (l-PB) L (X+l)P~ 
x=O 

+ P~ (tout+ts ) + tp 

IW/2~ 
, I 1,0, I 2,0 

(~ ! ~! tp 
: Tt (21 

IWl2~ ,11,0,11°, 
(b) I I 

I 
I 

Td~ tp 
T, (2) 1-, ---'---i 

~t H 
-/I1.0,If.O. . ~p ' 

(c) I tcM Its, tp 
~1----~~-=~~(~2~)-~~--~-~1 
, - • I 

Fig. 9: Derivation of E [Te(W)] for 1 ~ W ~ c 
(M=2, c=M-2=2, w=2, i=l). 

(11) 

(12) 

For w) 0 we must differenti ate among two cases, 1 ~ w ~ c 
and w ~ c+1. 
In case of l~w.cc we consider three situations (a), (b) 
and (c), see Fig.9: 
(a) With probability PBx(I-PB) , x ~ O,I, ••• ,w-~ , the 

first error-free I-frame followlng the consldered one 
has a send sequence number N(S)=i+x+l (mod M). Then 
it ho l ds: 

Te(W) ~ (x+l)t r + tp 

(b) With probability peX(l-PB) , x = w~l,w, ••• ,c-l , 
exactly x consecutlve I-frames following the consi
dered one are disturbed. Then it holds: 

(13) 

Te(W) = (x+l)t I + Td + tp (14) 

because the I-frame with N(S)=i+w (mod M) is delayed 
for the time Td until the window opens again. 

(c) With probability ~B all c I-frames fol~owin~ th~ con
sidered one are d1sturbed. The error sltuat10n 1S re
solved by time-out recovery and therefore it holds: 
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Te(W) = tout + ts + tp 

In case of w~c+l it holds: 

(15) 

Te(w) = (x+l)t r + tp (16) 

if x=O,I, ••• ,c-l consecutive I-frames following the con
sidered one are disturbed (probability PBX(I-PB) ). 
If c I-frames following the considered one are disturbed 
(probability p~), then 

Te(w) = tout + ts + tp (17) 

Summarizing these considerations we obtain ' 

for 1 .i w ~ c 

(18) 

c-l 
t r (l-PB) L (X+1)P: + PBc(t t+ts ) + t 

x=O ou p 
for w ~ c+1 

The value of c is given by Eq. (9), the value E[T~ is 
determined in Section 3,4,3. 

3,4.2 Time Component Tr 
The time component Tr in Eq. (7) begins at the receipt of 
the first error-free I-frame following the considered one 
or the receipt of the RR-command with the P-bit set to 1 
following the expiration of the time-out, It ends when the 
considered I-frame is retransmitted (c.f. Fig.7). In order 
to get a conservative estimation of E [Tr] we exclude for 
this consideration the case where station B has M-I un
acknowledged I-frames outstanding. Then T is composed of 
the processing and propagation delay t p' the transmission 
time ts of an S-frame, and the delays Tres A and Tres B 
until the channels become available: ' , 

(19) 

Let 
(20) 

We define the integer random variable Z as the number of 
I-frames transmitted from A to B during the time tp+Tr 
and Tres B as the residual transmission time of an 1-
frame transmitted from B to A. Then it holds with pro
babi 1 ity 1: 

{

a if Tres,B.i at r -(2tp+ts ) 

Z = a + 1 (21) 
otherwise 

We assume that due to the random nature of the transmission 
errors the arrival times at station B of the first error
free I-frame following the considered one and the RR,P
command following a time-out are purely random with respect 
to the data flow on the channel B to A. Then the residual 
transmission time Tres B is uniformly distributed between 
o and tI' Hence we get'for the expectation of Z: 

.atr -(.2t .+.t ·s ) .atT -:(.2t . . +.t ·s ) 
E[Z] = a p + (a+1)(1- p) 

tr tr 

= (tr+2tp+ts)/tr (22) 

And finally the expectation of Tr becomes: 

E[Tr] = tr + tp + ts (23) 

3.4.3 Time Component Td 
As discussed in Section 3.3, an I-frame which sees a 
window width w=Q at the beginning of its virtual trans
mission time is delayed for the time Td until the window 
opens again. From Fig.? it can be seen that 

Td = Tack - (M-2)t r (24) 

where Ta k is the time interval between the end of a 
virtual transmission time of an I-frame and the receipt 
of its acknowledgment. 
We assume for simplicity that the channel B to A is fully 
loaded by I-frames. Then Tack is given by two times the 
processing and propagation delay t p , plus the residual 
transmission time of the I-frame which occupies channel 
B to A at the arrival of the considered I-frame at station 
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B, plus the transmission time of the I-frame carrying the 
acknowledgment. We can therefore estimate the expectation 
of Tack by 

E[TackJ = 2tp + 1.5tr (25) 

3.5 Special Case: No Impact of Modulus 
Up to now we have considered the case where the modulus M 
has an impact on the throughput, namely if Ta k>(M-2)t

I
, 

i.e. Td>O. c 

If Tack ~(M-2)tI the virtual transmission time is no 
longer affected by the modulus M. In this case the time 
component Td is equal to zero and it can be seen from Eqs. 
(5),(12)and (18) that the time components To(w) and Te(w) 
are independent of the window width w. The mean virtual 
transmission time can then be written as 

tv = tr _1_ + PBE [Te1 + -2 E [Tr] 
l-PB l-PB 

p2 
+ _'_B_(t t+ts+t) 

l-p ou P 
with .B 

c-l x c 
E[Te1 t r (l-PB) L (X+l)PB + PB (tout+ts)+tp 

x=o 
The mean value of Tr is still given by Eq. (23). 

3.5 Throughput Results 

(26) 

Figures 10, 11,and 12 show typical calculation and simulation 
results for the throughput characteristic of the HDLC link 
as the function of the essential parameters: message length 
.2, processing plus propagation delay.tl?' modulus t·1, t~ans
mission rate v, and bit-error probabl~lty ~bit .. Two dlffer~nt 
link types are considered: a terrestrlal lln~ w~th processlng 
plus propagation delay of 50 msec and transmls~lon ~ates. 
v=4.8 kbit/sec and v=48 kbit/sec, and a satelllte, llnk wlth 
processing plus propagation delay of 350 msec and a trans
mission rate of 48 kbit/sec. These values for tp have been 
borrowed from Ref. /6/. 

I 
nmn-FUT (F It-FOOMATrn BITS/SEC 

TRANSMISSION RATE v 
w--------~------~--------._------,_~----~ 

~ig. 10: Throughput efficiency vs message length 
(terrestrial links). 

Fig. 10 shows for the terrestrial link the maximum through
put of information bits per second relative to the tra~s
mission rate v as a function of the message length i, l.e. 
the information field length of the I:f~ames f~~ two di!s 
ferent values of the bit-error probab1l1ty: 10 and 10 
The curves for v=4.8 kbit/sec show the typical throughput 
behavior of link control procedures employing an error 
detection and retransmission strategy: For short message 
lengths the throughput of information bits/sec is low due 
to the relatively large overhead of flag, address, control, 
and frame checking sequence bits (48 bits in case of M=8). 
For longer message lengths the relative overhead de
creases but the block-error probability PB increases 
according to 

PB = 1 - (1 - Pbit )
1+48 (27) 

Therefore, the throughput curves show a maximum. 
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An additional characteristic - distinct in particular for 
v=48 kbit/sec - is the impact of the modulus causing a 
drastic throughput degradation for short message lengths. 
The reason for this behavior is the aforementioned HDLe 
rule that a station must stop sending further I-frames if 
it has 7 unacknowledged I-frames simultaneously outstanding. 

I THROUGHPUT a= INFORMATION BITS/SEC 
TRANSMISSION RATE v 

'DI~~~:=~r,;~~~i---------r---~==:r-======~ tp = 350 rnsec (Sat. link' 

tout = 2 (tP+tI' 
v = ~8 000 bit Isec r Calculation 

C).8 f Simulation 
(95 % corl. int.) 

Q6+-------~ 

OJ.,+------~ 

~!~---LL__~ _______ ~----------~~---_+-----------~ 
30 3000 -- ,Olm 

MESSAGE LENGTH (bit' 
Fig. 11: Throughput efficiency vs message length 

(satellite links). 
The explanation of the throughput behavior of the satellite 
link in Fig.11 is virtually the same. Two bit-error.proba
bilities are considered, 10-7 and 10-5, where the hlgher 
of these values may be caused by a poor quality terrestrial 
extension of the satellite channels. Of course, the impact 
of the modulus is more distinct due to the long propagation 
delay of the satellite channels. Increasing the modulus 
from 8 to 128 yields a substantial improvement of the 
throughput. However, ' as can be seen from the reference 
curve for the terrestrial link with M=8 (dashed line) we 
cannot again obtain by this means the maximum throughput 
of the terrestrial link. 
The latter effect can be most obviously explained with the 
aid of Fig. 12. It shows the throughput of information bits 
per second relative to the transmission rate versus the 
processing plus propagation delay relative to the I-frame 
transmission time. For reasons of clarity the length of the 
S-frames and accordingly the number of overhead bits of the 
I-frames is held constant at 56 bits in Fig.12.irrespective 
of the modulus value employed. 

1 
THRa.JGf'UT OF INFOOMATION BITS I SEC 

TRANSMISSION RATE v 
1.0-------......-------....--------..,.-----------.,---------, 

o 

01"'-------4--.,,; 

0.2!O .... ------...:..:.--+----------4--------Jf-------__ r::=:=:;;:. :-;!'O 

tp /t1 
Fig. 12: Throughput efficiency vs processing plus 

propagation delay relative to I-frame 
transmission time. 

Obviously, the normalized throughput of information .bits 
per second for M=~and PB=O ;~ eq~al t? 1000/1056, 1ndepen
dent of the value of tp. Conslderlng flrst the case M=CO 
(bold lines in Fig.12) we can see that f?r PB>O the. 
throughput reduction increases with gro~lng proce~slng and 
propagation delay tpo The reason for th1S effect lS that 
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the error recovery takes longer for longer processing and 
propagation delays. Formally expressed, this dependency is 
mainly due to the terms PB E[Te(w)] and P6/ (1-PB) E[Tr] in 
Eq.(7) where both the expectatlon of Te(w) and of Tr inclu
de the processing and propagation delay tp (c.f. Eqs.(12), 
(18) and (23) ). 
Furthermore, the dashed lines in Fig.12 reflect the addi
tional throughput reduction caused by the finite modulus 
M=8, which we have discussed above. 

4. TRANSFER TIME ANALYSIS 

In contrast to the considerations in Section 3 we assume 
now that the channels are only loaded corresponding to a 
fraction of their full 'capacity and that the traffic over 
the link varies statistically. This situation is typical 
of · interactive traffic, where the transfer time of the 
transmitted messages represents the essential measure of 
performance. The transfer time is defined here as the time 
from the arrival of a message at one station until its 
successful receipt at the other station. That means, the 
transfer time encompasses the waiting time of a message 
and all its transmissions, that are neccessary for a 
successful transfer. 
Besides the traffic conditions on the link the following 
main effects may influence the transfer time of the 
messages: the channel characteristics (transmission rate, 
propagation delay, bit-error probabilities), processing 
delays, and the modulus of the sequence numbers. Generally 
speaking, the modulus has an impact on performance only 
if the round-trip delay augments the time. to transmit M-I 
I-frames. Apart from terrestrial applications with short 
message lengths this can only be the case with satellite 
links. However, for real interactive applications where 
a short transfer time is required, the one-way propagation 
time of 270 msec of a satellite link is hardly acceptable 
110/ , especially if an additional delay were caused by a 
too small modulus M. Therefore, the most important appli
cations, for which the transfer time is of interest, are 
those cases considered subsequently, where the modulus 
value has no significant impact. Nevertheless, propagation 
and processing delays may affect the transfer time; there
fore, they are included in our analysis. 

4.1 Principle of Analysis 

Our objective is to determine the mean transfer time of 
the messages transmitted over a data link with non-zero 
error probability and non-zero propagation and processing 
delays which operates under HDLC, Balanced Class of Pro
cedures including the function REJ. The analysis presented 
subsequently is a straightforward extension of the approach 
in Ref. 141 in the sense that now also propagation and 
processing delays are taken into consideration. 
We assume that the messages to be transmitted to station B 
(A) arrive at station A(B) according to a Poisson process 
with rate AA (AB) (c.f. Fig.6) such that the total 
channel utilizations are less than 1. 
Again, the considerations pertain to one direction of trans
mission, namely, from station A to station B. Due to the 
Balanced Class of Procedures the results for the other 
direction can be obtained in the same way. 
The transfer time analysis is also based on the notion of 
the virtual transmission time, as defined in Section 3. 
This approach allows to replace the complicated sequence 
of 1- and S-frames in case of transmission and sequence 
errors by the much simpler sequence of the virtual trans
mission times, because we can conceive that the trans
mitted I-frames occupy the channel for the duration of 
their virtual transmission time. 
Therefore, the mean transfer time of the messages can be 
determined by using well-known results from the theory of 
M/G/l queues. The mean tran~fer time t f of the me~sage~ 
can be evaluated with the ald of the Pollaczek-Khlntchlne 
formula /9/: 

AAE [T~] 
tr = + E[Tv1 + tp 

2(1-AAE[Tv l) 
(28) 

Our main problem is to determine the first two moments of 
the virtual transmission time Tv' This is described in the 
following subsection. 
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4.2 Virtual Transmission Time 

4.2.1 Decomposition of the Virtual Transmission Time 

Without loss of generality we assume that the following 
relation holds among the time-out duration t t and the 
I-frame transmission time tI: ou 

ktr ~ tout < (k+l)t r (29) 

As shown in Fig.13 we decompose the virtual transmission 
time of a disturbed I-frame into appropriate components. 

11 1 12 13 14 '1 
AtoB~ ,12.3,13.4, ,14'15,11.3, § H\ /~ 

I : 1\ ~II ,~, 1 , I I: 11 1 I, I 
Bt A : 13.0 1 14•1 fU 15.1 1 I 11S.1FR1.F 17.1 

o ••• t'-i" I '-rH ~ 1 : 1 ~ T-' 
I I Tres.9 :: :' I I I I I 
: : I tpD it§' tp It~,A1 1 '1: I 
I I 1 I I I I I 1 I I I tI I Te I Tr : tI I tqp! It~: tp I. Tr I tI 

: Tv 

~i Arri-.aI of message at Station A 
for I-frame with N (SI = i 

Fig. 13: Decomposition of the virtual transmission time. 

If the considered I-frame is received without transmission 
and sequence error, its virtual transmission time is equal 
to tIe If N transmissions of the considered I-frame are 
disturbed (N~l), its virtual transmission time is composed 
as follows (c.f. Fig.13): 

Tv = 2tr+Te+Tr+(N-l)(tr+tout+tS+tp+Tr) (30) 

Since the number of transmissions N is geometrically dis
tributed with parameter PB' the first two moments of Tv 
are given by . 

with a = tout+tr+ts+tp 

For Eq.(32) it is assumed that Te and Tr are stochastically 
independent. This assumption is not valid in a strict sence, 
but it represents an acceptable working basis, as can be 
seen from our simulation results. 
In the two subsections that follow, it is shown how the 
first two moments of2Te and Tr , which are required to eva
luate E[Tv] and E[Tv ] in Eqs.(31),(32) can be determined. 

4.2.2 Time Component Te 

In Section 3.4.1 the general definition of the time com
ponents Te(w) was given. As discussed above we do not take 
into account the finite modulus for our derivation of the 
mean transfer time. Therefore, only a unique time component 
Te must be considered here, irrespective of the actual win
dow width w. Apart from this simplification the definition 
of the time component Te is identical to that of the times 
Te(w). To determine its first two moments we proceed as 
follows. 
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Let ~x be the time between end of transmission of the con
sidered I-frame with N(S)=i and the end of transmission of 
the I-frame with N(S)=i+x (mod f4). We define a new random 
variable Te,x by 

{
~x+tp . 

tout+tS+tp otherwise 

(33) 

As can be seen from Fig.14 Te x is eq~al to Te , provided 
the I-frame with N(S)=i+x (moa M) is the first I-frame 
without transmission error following the considered I-frame 
with N(S)=i. Furthermore, Fig.14 illustrates the two cases 
which must be distinguished: If 5x ~ tQut + tI then the 
first error-free I-frame is transmitted before the time
out expires (REJ-recovery), otherwise the time-out expir
ation initiates error recovery. 

I a) (1 'tout + ttl t; ~ 2 

A 10 B ~ ,12,4~.1 1,5,12,5, 

i :: /: 
B 10 A ~ I I, lI.,1~,my=1 .!l:!.. 

,..: • ..---....:;t~:i-_1--·~1 ' : t I : 
: T".1 ., P I, T I, 
I ... - r 1 

IbIJ1 >tW +t I I p 
':1 

A to B ~, Ff!:.:,P ,115,12,5, 

: '''''' /1: : 
B to A..!l!., : : ,14,1 ffl1.f I I ~ 

I tw ItS' tpr-- I 1 I 
11----=='-----, .. I ~I ~I 1 1 1 
: Te 1 ., Tr • I i-!y 
I. ~ 1 .1 

Fig. 14: Definition of Te,x (here x=lJ. 

Using the random variables Te x defined in such a manner, 
the distribution and the .first two moments of Te can be 
written as 

(}4) 

(35) 

k+1 
E[T~] ~ (1-PB)pr

1 E[T~ xJ 
x=l ' 

k+1 2 
+ PB (tout+ts+tp) (36) 

The random variable 5x defined above can be conceived as 
the time until the x-th departure of a customer from an 
M/D/1 queue measured from a departure epoch. The dis
tribution of $x has been derived by PACK /11/: 

Fx(t) = P(~x~t). 

otherwise 

where Qn(t) is defined as 

{ 

n n-k -AA (t-kt
r

) (t.-kt
r

)n-k-1 
1- ~ AA e (t-ntr ) . 

k=l (n-k) I 

Qn(t) = t~ntI' n~O 

(38) 

o otherwise 

The quantities 7Tm in Eq. (37) are the steady-state prob
abilities of the queue length at the departure instants: 

(39) 

(40) 
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Herewith, the following expressions for the first two 
moments of Te,x can be derived: 

E[Te,x] tout + ts + (tr-ts)Fx(t.o·ut +tr ) 

+ F~(xtr) - F~(tout+tr) + tp 

-with F~(t)=fFx(t)dt , F;*(t)=fF;(t)dt 

(4.1) 

In Ref./4/ it is shown that a simole recursive relation 
holds for the integral expressions F~ and F;* in Eqs. 
(41) and (42). Therefore, E~e] amd ~~e2] can be straight
forwardly computed by substituting Eqs. (41) and (42) into 
Eqs. (35) and (36). 

4.2.3 Time Component Tr 
The general definition of the time Tr is given in Section 
3.4.2. According to Fig.13 we decompose Tr into four 
components: 

Tr = Tres,B + ts + Tres,A + tp (43) 

.Assuming independence of T s A and Tres B the first two 
moments of Tr are given byre, , 

E[Tr] E[Tres,B] + ts + E[TreStA] + tp (44) 

(45) 

In order to estimate the first two moments of Tre$ A and 
T es 6 ' we assume that the arrival times at statlon B of 
t~e tlrst correct I-frame following the considered one and 
the arrival times of the RR-frames with the P-bit set to 1 
following a time-out as well as the arrival times at 
station A of the REJ-frames or the RR-frames with the F-bit 
set to 1 are purely random. Then Tr s A and Tres B can be 
considered as residual life times of A renewal process with 
constant interevent time tI' if the channel is occupied. 
This consideration leads to .. 

2 2 
AA tr/2 '. E [Tres tAl (46) 

ABt i/2 E[T;estB] (47) 

4.3 Transfer Time Results 

Figure 15 shows the mean transfer time of the messages as 
the function of the useful channel load 

(48) 

It should be noted that the increase of the mean transfer 
time due to transmission errors is significant even for 
the rather small block-error probability of 0.01 corres
ponding to a bit-error probability of 2xlO-6• This is again 
caused by the multiplicative interaction of block-error 
probability and processing plus propagation delay. 
The latter effe~t is illustrated in Fig.16. It shows the 
mean transfer time tf relative to the I-frame transmission 
time tI as a function of the processing plus propagation 
delay tp relative to tIe Since the queueing delay in case 
of PS=O is constant irrespective of the value of tp the 
increase in this case is only caused by the growing value 
of t p' For non-zero block-error probability PB the curves 
show an increasing slope which is caused by tne fact that 
the recovery takes longer for higher values of tp' Here 
the performance degradation is even more distinct than in 
the saturated case because - in terms of our analytic ap
proach - a higher value of tp increases not only the mean 
of the virtual transmission time but also its variation. 
This in turn leads to longer waiting and transfer times. 
see Eq. (28). 
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Fig. 15: Mean transfer time vs useful channel load 
(terrestrial link). 
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5. CONCLUSION 

The major contribution of this paper is to extend the per
formance analysis of HOLC-controlled data links to those 
cases where the processing and propagation delays cannot 
be neglected. It could be demonstrated that the notion of 
the virtual transmission time of the information frames 
can be generalized to handle also links with non-zero 
processing and propagation delays. 
The developed approach possesses three main features: 
(1) It provides a method for a fast and accurate perfor-

mance evaluation of HOLC-controlled data links. 
(2) The concept of the virtual transmission time allows to 

replace the complex model of an HOLC link by a much 
simpler queueing model with approximately the same 
performance characteristics. This property can be used 
to advantage in the performance analysis of protocols 
above the link control level. 

(3) The notion of the virtual transmission time provides a 
sound explanation of the performance properties of 
HOLC links, like e.g. the multiplicative effect with 
respect to . performance degradation of processing and 
propagation delays, and the block-error probability 
of the Information frames. 
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