


















































































































































































Again using Lemma 2, and proceeding as in the proof of Theorem 1, 
one finds that 

h*[f*(v)] = v, v E Wo, (10) 

where Wo is the component of f*-I(W) that contains h*(W). There­
fore, f* is a homeomorphism of Wo onto W. 

We have, from (9), f[h(x)] = x (x E B). Now let Bo = f-I(B) n Ro, 
where Ro = Ix E Xo:x + iO = z, z E Wo}. Since Wo is open, Ro is open 
in Xo. Thus, Bo is an open subset of Xo, and from (10) one has h[f(x)] 
= x for x E Bo. This shows that f is a homeomorphism of Bo onto B, 
with h the inverse of the restriction of f to Bo. Finally, using Ao C 
f-I(A) Cf-I(B), andAo = h(A) C h(B) C h*(W) cWo (which implies 
that Ao C Ro), as well as the definition of B o, it is clear that Ao C Bo. 
This proves the theorem. 

2.5 Results for implicit functions 

Theorems along the lines of Theorems 2 and 3 are given here for 
m.1ps that are defined implicitly in the sense of the implicit function 
theorem. In this section, Xl stands for a third real Banach space, fBI 
denotes its complex extension in the sense of Secton 2.1, and Xo X X 
and fBo X fB are product Banach spaces constructed from Xo and 
X and fBo and fB, respectively.* We say that a map h defined on an 
open subset D of fB into fBo is Gateaux differentiable on D (see Ref. 
12, pp. 109-10) if for each v E D and arbitrary w E fB the limit 
limz-+o z-l[h(v + zw) - h(v)] exists, in which z is a complex scalar. 

As in Section 2.2, A is an open subset of X, with 0 E A. Here F is a 
map from Xo X X into Xl such that there is a continuous map G:A �~� 

Xo with the property that 

F[G(x), x] = 0, x EA. 

Assume that there is an F* E [iJJF(fBo X fB, fBd such that F(y, x) = 
F*(y + iO, x + iO) for (y, x) E Xo X X. 
Theorem 4: G E [iJJ(A, Xo) if and only if there is an open star V C fB, 
with A C V, and a continuous Gateaux-differentiable map G*: V �~� fBo 
such that we have G(x) = G*(x + iO) (x E A) as well as 

F*[G*(v), v] = 0, v E V. (11) 

Proof: First suppose that G E [iJJ(A, Xo). By Lemma 1 there is an open 
star V C fB and a map G* E [iJJF(V, fBo) such that A C V and G(x) = 

* Except where indicated to the contrary, the choice of the norms in Xo X X and 910 

x 91 is not important for our purposes. It would suffice to let the norm II . II in Xo X X 
be given by II (xo, x) II = max( II Xo II, II x II), and similarly for 910 X !1l. 
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G*(x + iO) for x in A. Since G* E 9'F(V, &70 ), G* is F-differentiable 
on V and thus continuous and G-differentiable in V. 

It follows from a version of the chain rule (Ref. 15, pp. 171-2) that 
h defined by 

h(v) = F*[G*(v), v], v E V 

is F-differentiable on V. [Notice that h(v) = (F*Q)(v), where Q takes 
v E V into the point (G*(v), v) in &70 X &7~] Since V is connected, and 
F*[G*(O + x + iO), x + iO] = F[G(x), x] = 0 (0 is the zero element of 
&7) for x in some open ball in X centered at the origin, by Lemma 2, 
one has (11). 

Assuming, on the other hand, that we have a Vand a G* as indicated 
in the theorem, G* is F-differentiable (see Ref. 12, Theorem 3.17.1) 
and an obvious modification of the part of the proof of Theorem 2 
that concerns H shows thatG E 9'(A, Xo). This proves the theorem. 
Theorem 5: Assume that G E 9'(A, X o), and that G has the generalized 
power-series representation 

(12) 
m=O 

for x EA. Suppose that the right side of (12) converges for x E B, where 
B is an open subset of X such that A C B. Then F[G(x), x] = ° 
(x E B), where G is defined for all x E B by (12). 
Proof: Paralleling the beginning of the proof of Theorem 3, there is 
an open connected set W C &7 and a Frechet-differentiable h *: W ~ 
&70 such that B C Wand G(x) = h*(x + iO)(x E B). Using Lemma 2 
and the observation in the proof of Theorem 5 concerning the appli­
cability of a version of the chain rule, we have F*[h*(v), v] = 0 for 
v E W, which implies that F[G(x), x] = ° (x E B). 
Remarks: Theorem 4 bears directly on problems concerning the exist­
ence of generalized power-series expansions for the solutions of non­
linear differential equations, because, as is well known, these equations 
can frequently be put in the form F[G(x), x] = 0, x E A, where x takes 
into account inputs and/or initial conditions, and G(x) is the corre­
sponding solution. For related earlier work, see Ref. 8 and the refer­
ences cited therein; the work includes, in particular, a description of 
the specific type of expansions that arise. 

A result similar to Theorem 2 in Section 2.3 can be obtained for 
equations of the form H(y, x) = w, where y is a solution that depends 
on both x and w.* Specifically, suppose that H is a map from Xo X X 
into Xl such that H(y, x) = H*(y + iO, x + iO) for all x andy for some 

* See Ref. 8, p. 75, for an example of how such an equation arises. 
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H* E .9F(g;O x .91, g;d. Assume now that the norm II . II in Xo X X is 
defined by II (xo, x) II = max(1I Xo II, II x II), and similarly for (Xl X X), 
(g;o X .91), and (.911 X .91). Assume also that .910 and .911 are homeo­
morphic in the sense of (ii) of Theorem 2. 

Let Awx and S, respectively, be open subsets of (Xl X X) and 
(Xo X X), with (0,0) E A wx , such that for each (w, x) E Awx there is a 
unique y E Xo for which (y, x) E Sand H(y, x) = w. Assume that the 
map from (w, x) to y is continuous. Define f:(Xo X X) ~ (Xl X X) by 
f(y, x) = [H(y, x), x] for all y and x, and let Ayx denote the open set S 
n f-l(A wx ). Notice that f restricted to Ayx is a homeomorphism of Ayx 
onto Awx. Thus, using Theorem 2 and the observation in the footnote 
in Appendix B, we see that the map from (w, x) to y described above 
belongs to .9(Awx , Xo) if and only if (.911 X .91) and (g;o X .91), respec­
tively, contain open subsets V and Vo with Awx C V, Ayx C Vo, V a 
star, and [H*(y*, x*), x*] E V for (y*, x*) E Vo, such that for each 
(w*, x*) E V, there is a unique y* E .910 that satisfies (y*, x*) E Vo 
and H*(y*, x*) = w*, with the map from (w*, x*) to y* locally 
Lipschitz. 

2.6 Construction of the series for g of Section 2.2 

Here we return to the setting introduced at the beginning of Section 
2.2. Theorem 6 (in this section) provides an algorithm for determining 
the expansion of g whenever it exists. The theorem is a version of a 
result in Ref. 1 concerning complex spaces. We shall first prove a 
proposition that establishes the existence of certain derivatives that 
playa central role in the theorem. 
Proposition: For each m = 1, 2, ... the mth order Frechet derivative 
(Ref. 14, pp. 179-81) dmf[g(O)] [of f at the point g(O) E Xo] exists, and 
one has 

f[g(O) + x] = f[g(O)] + L (m!)-ldmf[g(O)]x m, x E Xo. (13) 
m=l 

Proof: Using the hypothesis that f* E .9F(g;o, .91), the Frechet deriv­
ative df*(w) and hence the derivatives dmf*(w) (m = 2, 3, ... ) exist 
for w E .910 , and we have 

f*[g*(O) + w] = f*[g*(O)] + L (m!)-ldmf*[g*(O)]w m, w E .910 (14) 
m=l 

(see Ref. 12, Theorems 26.6.3 and 3.16.2; Ref. 15, Lemma 3.6.1; Ref. 
7, Lemma 2), where g*(O) = g(O) + iO. Since df* exists on .910 , and the 
norm in .91 has the property that II Xl + iX2 II < 0 implies that II Xl II < 0 
and II x211 < 0 [see (7)], it is easy to see that df exists on Xo and that 
one has df(a)x = df*(a + iO)(x + iO) for a and x in Xo. A simple 
inductive argument shows that dmf exists on X o, with 
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dmf(a)Xl ... Xm = dmf*(a + iO)(xl + iO) ... (Xm + iO) (15) 

for a E Xo, (Xl, ... , Xm) E XW, and each m. This proves the 
proposition, since it is clear that f*[g*(O)] = f(g(O)]. The relation (13) 
directs attention to an interpretation of the dmf[g(O)]; it is not used 
otherwise. 
Theorem 6: Let g E 9'(A, X). Then df(g(O)] is a homeomorphism of Xo 
onto X, and 

g(X) = g(O) + L gm(x), X E A, 
m=l 

where the gm are the homogeneous polynomials defined by 

gl (x) = df[g(O)rlx 

and 
m 

gm(x) = -df[g(O)rl L (I,,!)-l 
1'=2 

L dl'f(g(0)]gk
1
(X) ... gk/(X), m ~ 2. 

k1+···+k/=m 
kj>O 

2.6.1 Proof of Theorem 6 

The inverse of df(g (0)] exists because f is a homeomorphism of Ao 
onto A with f and g, respectively, Frechet differentiable on Ao and A 
(Ref. 15, p. 175, Problem 6). Let 

g(X) = g(O) + L gm(X), x E A, 
m=l 

in which each gm is a homogeneous polynomial on X of degree m. 
With g* and V associates of g and A, respectively, in accordance 

with Theorem 1, we have g* E 9'F( V, seo) and v = f*[g*(v)] for v E 

V. Let gi , g~, ... be continuous homogeneous polynomials such that 

g*(v) = g*(O) + L g!(v) (16) 
m=l 

for v E V. By the part of the proof of Theorem 2 concerning H, gm (x) 
= g!(x + iO) for each m and each x EX. Using (14) and f*[g*(O)] = 
0, 

v = f*[g*(v)] 

= 1 V!)-ld/f*[g*(O)] C~l gz. (v) ...• t gk)v) ), v E V. 

Since g* E 9'F(V, seo), there is a (J > 0 such that the right side of (16) 
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is absolutely convergent for II v II < (J (Ref. 12, Theorem 26.6.6). Thus, 
using the boundedness of the dl' f*[g*(O)] and an easily proved gener­
alization of Theorem 5.5.3 of Ref. 14, 

v = L (1'!)-1 L dl'f*[g*(O)](gt(v) ... gk)V» (17) 

for II v II < (J, in which the sum over (kI, ... , kl') is absolutely 
convergent. 

At this point we use the proposition that there are positive constants 
M, (3, K, and a such that 

II dl' f*[g*(O)]Wl •.. wI'll :s:; 1'1' M(31' II wIll ... II wI'll 

and 

for I' ~ 1, k ~ 1, v E fB, and WI, ••• , WI' in fBo (see Ref. 7, Appendix 
A). It is clear that 

II dl' f* [g*(O)][gkl (v) ... gk)V)] II :s:; 1'1' M «(3.K) I' (all v II) (kl +·· .k,,). 

Consider the sum 

(18) 

Notice that 

L (allvll)(kl+···+k,,) = [allvll(l - allvll)-IV (19) 
k l ,·· .,k,,=1 

for all v II < 1. Using (19) and Stirling's formula for n!, which gives n! 
> (27r)1/2n1

/
2nne-n, it easily follows that the sum (18) converges for 

II v II sufficiently small. Thus (see Ref. 14, Theorem 5.3.4) for such v 
the sum in (17) over (I', kI, ... , kl'), which equals 

1'=1 m=1 kl +·· .+k,,=m 
kj>O 

(1'!)-ldl'f*[g*(O)](gkl (V) .•. gk)V», 

can be written as (see Ref. 14, Theorem 5.3.6) 
00 m 

m=1 1'=1 k l +·· .+k,,=m 
kj>O 

(1'!)-ldl'f*[g*(O)](gkl (v) ... gk)V». 

(20) 

(21) 

By the uniqueness result for generalized power series mentioned in 
Section 2.1, and the fact that (21) equals v for v of sufficiently small 
norm, 

df*[g*(O)]gi(v) = v 

and 
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df*[g*(O)]g!(v) 
m 

= - L L Cf!)-ld/'f*[g*(O)][gk
l 
(v) ... gk/(V)] (m ~ 2) 

/'=2 kl + ... +krm 
kj>O 

for v E 91. This, with v = x + iO and (15), completes the proof. 

2.6.2 Comments 

For the case in which the expansion (14) for f* has only a finite 
number of terms, the proof of Theorem 6 simplifies considerably, 
because then the equivalence of (20) and (21) is a consequence of just 
the absolute convergence of the sum over (k1, ••• , k/,) in (17). A 
related result for this case is given in Ref. 17, p. 29. 

For a different approach to the problem of determining the expan­
sion of g, see Ref. 18. 

The proof of Theorem 6 provides an alternative proof of Theorem 
2 of Ref. 1, which is an analogous result concerning only complex 
spaces. It also yields a proof of the following "substitution theorem" 
(an earlier version proved in a different way appears in Ref. 19).* 

Theorem 7: Take WI, W2 , and Wa to be three complex Banach spaces, 
and let 8 1 and 82 be nonempty open subsets of WI and W2 , respectively, 
with 81 a star. Let G E .9F(81 , W2 ) and let F be a Frechet-differentiable 
map of 82 into Wa. Assume that G(8d C 82 • Then (FG)(·) E 
.9F(8b Wa), the Frechet derivatives dmG(O) and dm F[G(O)] exist for m 
~ 1, and we have 

(FG)(v) = F[G(O)] + L Hm(v), v E 81, (22) 
m=1 

where the Hm are the homogeneous polynomials given by 
m 

Hm(v) = L (/!)-1 
/'=1 k1+·· .+k/=m 

kpO 

... (k/,!)-ld k/G(O)V k/. 

Theorem 7 and Lemma 1 can be used to obtain results along the 
lines of Theorem 7 for cases in which the spaces of interest are real. 
This is discussed briefly in Appendix A. 
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APPENDIX A 

Substitution Results for Real Spaces 

This appendix presents two useful corollaries of Theorem 7. Proofs 
are omitted because the corollaries can be proved using direct modifi­
cations of material already discussed. 
Corollary 1,' Assume that WI, W2 , and W3 are real Banach spaces, that 
8 1 and 82 are open subsets of WI and W2 , respectively, and that 0 E 81 • 

Let G be a map of 8 1 into W 2 such that the Frechet derivative dmG(O) 
exists for m = 1, 2, ... , and G has the representation 

Gx = G(O) + L (m!)-ld mG(O)xm, x E 8 1 , 
m=1 

8uppose that G(8d C 82 • Let F map 82' into W3 such that d m F[G(O)] 
exists for each m > 0, and 
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M 

F[y + G(O)] = F[G(O)] + L (m!)-ldmF[G(O)]ym 
m=l 

for y + G(O) E 8 2 , where M is a positive integer (and thus F is assumed 
to be a polynomial). Then (FG)(·) E g(8l , W3 ) and (22) holds. 
Corollary 2: 8uppose that WI, W2, and W3 are three real Banach spaces. 
Let G E gF(8l , W2) for some open subset 8 1 of WI containing the point 
0, and let FE gF(82, W3 ), where 8 2 is an open subset of W2 containing 
G(O). Then the Frechet derivatives dmG(O) and dm F[G(O)] exist for m 
;?; 1, and there is an open subset Tl of 8 1 , containing 0, such that G(Td 
C 8 2 , (FG)(.) E gF(Tl , W3 ), and one has (22), with 8 1 replaced with 
T l • 

APPENDIX B 

A Comparison of Norms on Complex Spaces 

Consider the Banach space ~ described in Section 2.1, and let ~ 
denote a Banach space consisting of the same set of points with a 
possibly different norm II . II~. 
Proposition: Let the norm II· II~ have the property that II xIII :s:; 
II Xl + iX211~ for (Xl + iX2) E~, in which II X II is the X norm of x. Then 
II Xl + iX211 :s:; II Xl + iX211~ for (Xl + iX2) E ~. 

Proof: Assume, for the purpose of obtaining a contradiction, that 
II Xl + iX211 > II Xl + iX211~ for some (Xl + iX2). Then there is a ~ with 
II ~ II = 1 such that 

For this ~, choose real a and (3 so that not both are zero and 

a~(X2) + {3~(xd = O. 

Using (a2 + (32)[Hxd 2 + HX2)2] > (a2 + (32) II Xl + iX211 ~ and the 
observation that [~(ax - by)]2 + [~(bx + ay)]2 = (a 2 + b2)[~(X)2 + 
~(y )2] for real a and b, and X and y in X, one has 

I Haxl - (3X2) I > II (axl - (3X2) + i({3xl + aX2) II~· 

Since the left side is at most II aXl - (3x211, we have a contradiction. 
Comments: For X the space of bounded n-vector-valued functions 
described in Section 2.1, and ~ the corresponding complex Banach 
space with II v II~ = maxjsuptl Vj(t) I, the equality II . II = II . II~ holds, 
where II . II is the norm in ~. Indeed, II . II :s:; II . II~ by the proposition, 
while with arbitrary t ;?; 0 andj E {I, ... , nt, 

~(Xd2 + HX2)2 = [Xlj (t)]2 + [X2j (t )]2 
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for ~ the linear functional of unit norm on X defined by ~(x) = Xj(t), 
showing that II . II ~ II . II~·* 

However, we have II . II ~ II . II~ but not II . II = II . II~ whenever X is 
a Hilbert space, II Xl + iX211~ = (II Xl 112 + II x2112)1/2, and X is typical in 
the sense that it has a pair of nonzero elements X and y that are 
orthogonal. This follows from the inner-product representation of 
linear functionals in a Hilbert space, and the fact that for X, x, and y, 
as indicated above, one can show that 

(v, X)2 + (v, y)2 1 
sup < , 
IIvll=1 IIx1I2+lIy1l2 

where (., .) is the inner product in X. 
Finally, we mention that the norm in 91 cannot be replaced with 

(23) 

because (23) does not define a norm in 91 unless X is a Hilbert space 
(see Ref. 20). It is not difficult to see that (23) does not suffice: If it 
did, we would have II ax - by 112 + II bx + ay 112 = (a 2 + b2)(11 X 112 + II y 112) 
for any real numbers a and b, and arbitrary elements X and y of X. 
This would give II X - Y 112 + II x + y 112 = 2(11 X 112 + II y 11 2), which is not 
valid unless X is a Hilbert space (see Ref. 21, p. 211). 
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The throughput per user in loop and bus configured local area networks 
decreases linearly with the number of users. These networks cannot be 
extended to a metropolitan area with many users. A class of mesh networks is 
described that increases the throughput of conventional local area networks 
by decreasing the fraction of the network capacity needed to transmit infor­
mation between a source and a destination. These networks have multiple 
paths that increase the reliability of the networks, and have point-to-point 
links that can cover a metropolitan area. In general, mesh networks require 
complex store-and-forward nodes that also route messages, control the flow of 
data entering the network, resequence packets at the destination, and recover 
packets with errors. However, there are characteristics of the local or metro­
politan area that allow these functions to be simplified. As a result of these 
simplifications, loop access protocols are extended to mesh networks and the 
need to store and forward data is eliminated. A file transfer protocol that does 
not require packet resequencing is described. Three mesh networks are studied, 
and the desirable characteristics of networks are determined. One network, 
the Manhattan street network, has many of the desirable characteristics. 

I. INTRODUCTION 

Loop topologies! and random access strategies2 were first applied to 
local data networks in the late 1960's. In that era, 

• Low-hit-rate terminals were connected to large central computers, 
• Computers and terminals were shared hy a few computer experts, 

* AT&T Bell Laboratories. 

Copyright © 1985 AT&T. Photo reproduction for noncommercial use is permitted with­
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• Large-scale integrated circuits did not exist, and 
• High-bit-rate transmission facilities were not readily available 

across public right of ways. 
As a result, these networks trade reliability, total throughput, and 

the distance the network can span3 for simple access and transmission 
strategies. Today, for comparison, 

• Simple terminals are evolving into personal computers with bit 
mapped, rather than character, displays, 

• Computer usage is becoming universal, 
• Very-Large-Scale Integration (VLSI) is becoming commonplace, 

and 
• The increased deployment of optical fibers and CATV systems 

makes it possible to obtain high-bit-rate communications over 
wider areas. 

Personal computers use larger bandwidths than simple terminals to 
communicate with centralized support facilities and distribute proc­
essing. The increasing use of these devices and the increased distances 
that high-bit-rate networks can span increase the throughput required 
of the interconnecting network. In loop and bus systems the total 
throughput is constant. The average capacity available to each user 
decreases linearly as the number of users increases. Therefore, to 
support more users with greater individual requirements, alternative 
topologies must be considered. The complexity of the devices being 
connected to networks and advances in VLSI make more complex 
network interfaces feasible. This increases the class of networks and 
access strategies that can be considered. 

A large number of users, dispersed over a large area, can be accom­
modated by interconnecting conventional local area networks with 
gateways. Schlatter and Massey have analyzed this type of network.4 

Their system consists of loops interconnected by switching elements, 
as proposed by Pierce.5 Messages use a smaller fraction of the total 
network capacity than they would if the system were a single loop. 
Therefore, the maximum throughput of the system increases. Users 
who communicate the most often are placed on the same loop, which 
minimizes the interference between subgroups of users. The main 
disadvantage with this approach is that the gateways are different 
from the access units and are complex store-and-forward elements. 

Yemini6 and Saadawi and Schwartz7 are investigating a tree topol­
ogy. In this network, users are at the leaves of the tree and the nodes 
of the tree are switching points. Depending on the location of the 
destination, the switches direct messages toward the root of the tree 
or toward the leaves. In Yemini's system, the switches establish 
separate broadcast networks, and in Saadawi's, the switches store 
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packets until the desired path is available. In these systems, messages 
only use a portion of the network capacity. Locating users who 
communicate frequently-who are near one another in the tree hier­
archy-minimizes the interference between subgroups of users. The 
advantage of this approach over gateways is that there is only one 
type of element in the network. The disadvantage is that the network 
either stores and forwards packets or retains the distance constraints 
of broadcast networks. 

To a certain extent these alternatives remove the throughput con­
straints of loop and bus systems. However, they still have single points 
of failure. To make networks more reliable, there must be multiple 
paths between each source and destination. By adding paths appro­
priately, the average and maximum distance between nodes decreases, 
messages use a smaller fraction of the network bandwidth, and the 
throughput increases. Multiple paths also make it possible to avoid 
heavily used segments of the network to equalize the load. Mesh 
networks, like loop networks, have point-to-point communication 
channels between nodes. This results in less expensive line drivers 
and receivers than multidrop broadcast systems and is compatible 
with current optical fiber transmission capabilities. 

In general, mesh-configured networks and some of the local network 
alternatives require complex store-and-forward nodes. A queue of 
messages is maintained because packets arriving on several of the 
incoming links may be destined for the same outgoing link. In addition, 
store-and-forward networks must do routing, flow control, packet 
resequencing, and error control. Long-distance networks, such as the 
ARP A network,S perform these functions, but their interfaces are 
more complex than personal computers. Therefore, these networks 
are not a reasonable interconnection alternative for personal com­
puters. There are, however, characteristics of the local or metropolitan 
area environment that make simpler mesh networks possible. 

Local or metropolitan area networks differ from general long-dis­
tance networks in that the 

• Physical location of the nodes does not dictate the topology of the 
network to as great an extent, 

• Error rates are much lower, and 
• Communications lines are less expensive. 
In the local environment, it is not always necessary to connect the 

closest nodes together. Occasionally, connecting nodes that are further 
apart can make the topology of the network regular, and simplify tasks 
such as routing. The lower error rates make it more likely that a 
packet will traverse the entire network without error. Therefore, error 
control protocols can operate on an end-to-end, rather than on a link­
by-link basis, and networks can have unidirectional links. When 
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messages are not stored at the intermediate nodes for possible retrans­
mission, the class of possible access and transmission strategies in­
creases. In general, there is also a trade-off between the system 
complexity and communications efficiency. The cost of communica­
tions lines, and the additional access strategies and network options 
that are possible, result in a different network solution in local net­
works than in long-distance networks. The result is that local networks 
are significantly less complex. 

There is a description in Section III of several regular networks 
with simple routing strategies. End-to-end error control protocols 
make it possible to extend the slotted system and register-insertion 
techniques developed for loop systems to mesh networks. This is shown 
in Section IV. With these techniques,. flow control on mesh networks 
can be done by throttling the sources, as on loop networks. A trade­
off exists between the buffering in these systems and the efficiency 
with which the communication lines are used. One attempt to take 
advantage of this trade-off is the Floodnet system.9 There is a descrip­
tion in Section IV of how this trade-off is applied to mesh networks 
with slotted system and register-insertion interfaces. The result is that 
for certain topologies mesh networks without buffering are reasonable. 
Finally, there is a description in Section V of several file-transfer 
protocols that do not resequence packets. 

II. EXAMPLE 

Before discussing the implementation of mesh networks, we show 
that these networks provide a potential to increase the throughput of 
conventional local area networks. In this example, two-connected 
networks, with as few as 64 nodes, increase the throughput of bus 
configured networks by a factor of 20 to 30. This comparison assumes 
that the same rate communication lines are used in both the mesh 
and random access networks. A factor of two increase in throughput 
is obtained because there is twice as much capacity emanating from 
each node. However, the major portion of the increase occurs because 
messages in the mesh network use only a fraction of the total network 
capacity. Greater increases are obtained in larger networks. 

Two traffic distributions are considered, a uniform distribution and 
a skewed distribution. In the uniform case, each node sends an equal 
amount of data to each of the other nodes. The skewed distribution 
corresponds to what might occur in a network of personal computers 
and file servers. The network is divided into communities of interest, 
each consisting of a file server and seven personal computers. A 
personal computer directs 80 percent of its traffic to its own file server 
and 20 percent to the other file servers. The computer receives an 
equal amount of traffic from the file servers. 
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For each traffic distribution, the throughput for six network topol­
ogies is investigated. The first two networks are the conventional 
broadcast bus and loop configured networks. The throughput of the 
bus network is calculated assuming that the link utilization can 
approach one, and is an upper bound on the achievable throughput. 
In the loop network, the packets only use the links between the source 
and destination. In this network, and in the remaining networks, the 
throughput is determined by increasing the traffic levels from the 
sources until the utilization on any link equals one. The remaining 
four networks are two-connected networks with two links arriving at, 
and two links emanating from, each node. The first of these networks 
is a conventional bidirectional loop. For the skewed distribution, the 
file server is in the middle of the seven personal computers it is 
servicing. The next two networks are regular arrays called the modified 
shuffle exchange and the Manhattan street network. These networks 
are described in Section III. The Manhattan street networks with 16, 
32, 48, and 64 nodes are 4 X 4, 8 X 4, 8 X 6, and 8 X 8 arrays, 
respectively. For the skewed distribution, the seven personal com­
puters and the file server in a community of interest are arranged in 
a 4 X 2 array on the network. This is shown for the 16-node network 

Fig. I-A I6-node Manhattan street network with two communities of seven personal 
computers (T) and a file server (FS). 
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Fig.2-A 32-node hierarchical network with four communities of seven personal 
computers (T) and a file server (FS) interconnected by shuffle-exchange networks. The 
four shuffle-exchange networks are connected by a bidirectional loop. 

in Fig. 1. The final network is a hierarchical shuffle exchange, con­
sisting of shuffle-exchange networks with the eight devices in a com­
munity of interest, interconnected by a bidirectional loop. Figure 2 
shows a 32-node, hierarchical network consisting of four 8-node shuf­
fle-exchange networks. 

Traffic on the two-connected networks is placed on the shortest 
path between the source and destination. If there are several paths of 
equal length between a source and a destination, the path with the 
smallest flow is selected. Traffic with the shortest distance between a 
source and destination is assigned to the network first. Once a source 
destination requirement is assigned a path, the path is not changed if 
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Table I-The average megabits per user in networks with 10-Mbjs 
channels and the improvement over a broadcast network 

16 Nodes 32 Nodes 48 Nodes 64 Nodes 

Network MbjUsr Imprv. MbjUsr Imprv. MbjUsr Imprv. MbjUsr Imprv. 

Uniform Requirements 

BDCST 0.63 0.31 0.21 0.16 
Loop 1.25 2.00 0.63 2.00 0.42 2.00 0.31 2.00 
BDL 4.69 7.50 2.42 7.75 1.63 7.83 1.23 7.87 
S-X 5.77 9.23 4.03 12.88 3.09 19.76 
MSN 6.52 10.43 4.56 14.59 4.31 20.70 3.94 25.20 
HS-X 4.69 7.50 1.96 6.28 1.41 6.75 1.13 7.20 

Skewed Requirements 

BDCST 0.36 0.18 0.12 0.09 
Loop 0.71 2.00 0.36 2.00 0.24 2.00 0.18 2.00 
BDL 2.63 7.37 2.08 11.67 1.80 15.11 1.59 17.82 
S-X 1.61 4.52 1.01 5.68 0.81 9.10 
MSN 2.63 7.37 2.17 12.17 2.12 17.80 2.12 23.76 
HS-X 2.78 7.78 2.78 15.56 2.66 22.34 2.63 29.47 

BDCST = Broadcast, BDL = Bidirectional, MSN = Manhattan street exchange, 
HS-X = Hierarchical street exchange, S-X = street exchange. 

a link on the path becomes saturated, and the requirements are not 
split if two equally good paths exist. This procedure does not lead to 
the optimum throughput, but gives a reasonably good idea of what can 
be achieved. 

The results of this investigation are presented in Table I. For each 
network, the average bit rate a user obtains in a network with 10-
megabit-per-second transmission links, and the improvement this 
represents over a broadcast network, is presented. For the conven­
tional broadcast and loop network, the fraction of the capacity a user 
obtains decreases linearly with the number of users, as expected. The 
loop system provides about twice as much throughput per user as the 
broadcast network because, on the average, a packet transmitted on 
this network uses only half of the network capacity. The two-connected 
networks obtain a factor of two increase in throughput because there 
is twice as much capacity emanating from each node, and an additional 
increase because the networks use a smaller fraction of the network 
capacity to transfer a packet between the sources and destinations. 

The bidirectional loop, the Manhattan street network, and the 
hierarchical shuffle exchange respond well to the skewed requirements. 
These networks are capable of allowing complete connectivity while 
preventing users in different communities of interest from interfering 
with one another. This characteristic is extremely important in de­
signing large networks. The shuffle-exchange and Manhattan street 
networks also respond well to a large group of users with uniform 
transmission requirements. This occurs because the average distance 
between users does not increase as rapidly in these networks as in the 
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other networks. The average distance between users in the Manhattan 
street network is greater than that in the shuffle-exchange network; 
however, the throughput of the Manhattan street network is greater. 
The Manhattan street network can support a larger throughput be­
cause there are more equal-length shortest paths, and bottlenecks can 
be avoided. 

III. TOPOLOGY 

In this section, three two-connected networks are described, the 
bidirectional loop, the modified shuffle exchange, and the Manhattan 
street network. These networks have two independent paths between 
any node, and they can survive a single loop or node failure. While 
these networks are not optimal, they show what measures can be used 
to compare topologies, and what network characteristics are desirable. 
Lower bounds on two measures, the average and maximum shortest 
path between nodes, are derived and compared with these three 
topologies. 

3.1 Bidirectiona//oops 

In a bidirectional loop with N nodes, labeled 0 to N - 1, node i is 
connected to nodes (i - 1) mod N, and (i + 1) mod N. This is the only 
two-connected network with bidirectional paths between all of the 
nodes. If the transmission protocols require a response each time a 
packet of data is transferred between two intermediate nodes on a 
path, this is the only possible two-connected network. This network 
was initially considered as a mechanism to make loop networks more 
reliable. 

This network has many of the topological advantages of loop sys-
tems. It 

• Is defined for any number of nodes, 
• Makes geographical sense, 
• Has a simple rule for expanding the network by one node at a 

time, and 
• Has a simple routing rule. 
When a node is added to the network, the two existing nodes closest 

to this node are disconnected from one another and connected to the 
new node. Even if the network covers a large geographical area, there 
are not many long wires. Shortest-path routing in this network is 
straightforward. The nodes in the network are sequentially numbered 
from 0 to N - 1. The distance from a source node 8 to a destination 
node d is (d - 8) mod N on the incremental path and (8 - d) mod N 
on the decremental path. At the source, the shorter of these two paths 
is selected. Once a packet in this system starts on a path, it remains 
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on that path. Therefore, a complete routing decision is made at the 
source, and the system is implemented as two separate loop systems. 

A disadvantage of this network is that the node addresses and the 
value of N changes whenever a node is added to the system. Either an 
addressing and routing scheme that does not use this information 
must be found, or this information must be distributed each time the 
network is changed. Another disadvantage of this network is that the 
throughput is not as great as that in the shuffle-exchange and Man­
hattan street networks. 

3.2 Modified shuffle exchange 

The modified shuffle-exchange network is based on the shuffle­
exchange multistage switch. The network is defined for N nodes, 
where N is constrained to be a power of two. Node i is connected to 
nodes 2*i mod Nand (2*i + 1) mod N. This results in self-loops at 
nodes 0 and N - 1, which are not used to transmit packets. They also 
make the network less reliable in that a single link failure can discon­
nect a node from the network. In the modified network, the self-loops 
are removed and nodes 0 and N - 1 are connected to one another, as 
shown in Fig. 3. When the shuffle-exchange network is part of a 
hierarchical structure, as in the previous section, the self-loops are 
replaced by connections to the higher-level network. 

Routing in this network is straightforward. Initially, ignore the two 
paths that were added to the modified network. Represent the address 
of node i by M = log2 N bits, and label the paths to nodes 2*i mod N 
and node (2*i + 1) mod N as 0 and 1, respectively. When a packet is 
transmitted from node i, the address of the new node has the low­
order M - 1 bits of node i's address in the high-order M - 1 bits. The 
low-order bit of the new address is 0 or 1, depending on the path 
selected. To find the shortest path between a source and destination, 
match as many of the high -order bits of the destination address with 
the low-order bits of the source address as possible. To get to the 
destination, shift the low-order bits of the destination address that are 
not included in this match into the address and determine the path 
that must be selected. 

For instance, assume that the source address is 11011 and the 
destination address is 11001. The first two bits of the destination 
address match the last two bits of the source address. The bits 001 
must be shifted into the address to get to the destination, and the 
distance to the destination is 3. To get to the destination, first path 0 
is taken to node 10110, then path 0 is taken to node 01100, and finally 
path 1 is taken to node 11001. 

If none of the high-order bits of the destination match the low-order 
bits of the source, then the distance to the destination is log2N steps. 
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----------------------
Fig. 3-An 8-node modified shuffle-exchange network. 

This is the maximum distance between any source and any destination. 
In Section 3.4, this will be shown to be the minimum maximum 
distance between nodes for a two-connected network of this size. 

The two paths that are added to the modified network make it 
possible to go from the all-one address to the all-zero address, and vice 
versa, in a single step. This shortens the average distance between 
nodes. These paths cannot change the maximum distance between 
nodes since this is already a minimum. The effect of these paths on 
the distance between nodes is shown in Table II. The network S-X is 
the shuffle exchange with two self loops and MS-X is the modified 
network. It is evident that the additional paths do not provide a great 
decrease in the average minimum distance between nodes. They should 
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Table II-The average and maximum 
shortest distance between nodes in 
the shuffle-exchange network and 

the modified shuffle-exchange 
network 

Average 

Nodes S-X MS-X Maximum 

4 1.50 1.33 2 
8 2.11 1.96 3 

16 2.83 2.73 4 
32 3.65 3.58 5 
64 4.53 4.49 6 

128 5.46 5.44 7 
256 6.42 6.40 8 

be included to allow an alternate path when failures occur, but unless 
a simple routing rule is found to use them under normal operation, 
they should not be used.·· . 

There are several problems with this type of a network. The first 
problem is that the physical layout of this network does not make 
sense geographically. If half of the nodes in the network are in one 
area and half of the nodes are in another remote area, then half of the 
connections must be between the two remote areas. Therefore, the 
network can only be used in a small area where the length of the 
interconnections do not make a difference. Shuffle-exchange networks 
in physically disjoint areas must be interconnected by a hierarchical 
network that can make sense geographically, as in the example in 
Section II. The second problem is that the network is only defined if 
the number of nodes equals 2i. At present, no way has been found to 
add one node at a time-changing a small number of connections­
and move from a network with 2i nodes to a network with 2i+1 nodes. 
The third problem is that the alternate paths between a source and a 
destination are not good. If the preferred path is blocked or inoperable, 
the alternate paths are much longer. 

3.3 Manhattan street network 

The Manhattan street network is based on· a grid of alternatingly 
directed streets and avenues, as shown in Fig. 1. The nodes exist on 
the corner of a street and an avenue. The rationale for this type of a 
network is that routing from a particular street and avenue to a 
destination should be straightforward. As in a city with this layout, 
any destination street and avenue can be found without asking direc­
tions, even when some roads are blocked. In addition, it should be 
possible to layout the network to make sense geographically. 
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The principal difference between a grid connecting corners with 
streets and a grid connecting nodes with wires is that the physical 
constraints associated with a two-dimensional surface can be violated 
more easily with wires. For instance, in the example in Section II, the 
file servers and terminals forming a community of interest are in the 
same neighborhood. Assume that the file servers in this system are in 
the same room and that the personal computers in the same commu­
nity of interest are in the same physical area. By connecting the file 
server to the region of the network with the terminals, rather than 
basing the connections strictly on the physical location of devices, the 
file server appears to be in the same neighborhood as the terminals. 
This reduces the interference between terminals in different commu­
nities of interest. 

The difference in physical constraints also allows the extremes of 
the grid to be connected. These connections form the grid on the 
surface of a torus instead of a flat surface. The advantage of this cyclic 
surface is that there are no corners. Therefore, the maximum distance 
from a source to a destination is not the distance between two corners 
of the grid, but the distance between the center and one of the corners. 
The graph can also be flipped so that the links leaving the center node 
are always pointed in the same direction. This allows the same routing 
decision function-to be used at every node. 

Consider a network with r rows and c columns. The current node 
has coordinates (is, js), and the destination node has coordinates 
(id, jd). The current node is considered to be at location (0, 0), and the 
relative location of the destination (i, j), is expressed as 

i = {II - 2(j.mod 2»)(id - i.) + ~ - I} mod r - (~ - 1) 
j = {II - 2*(i,mod 2»)(jd - j,) + ~ - I} mod C - (~ - 1). 

The current node is now in the center of the network. The value of i 
is between -(r/2 - 1) and r/2, and j is between -(c/2 - 1) and c/2. 
The factors 1 - 2*(jsmod 2) and 1 - 2*(ismod 2) guarantee that the 
links leaving the current node point toward increasing i and j. The 
routing decision now depends only on the relative location of the 
destination and not on the current node. 

The routing preference from the central node to outlying nodes for 
a 12 X 12, 12 X 14, and 14 X 14 Manhattan street network is shown 
in Fig. 4. In this network, the two links emanating from the central 
node are directed upwards and to the right. The routing preference is 
the shortest distance from the central node to the destination when 
the link to the right is taken, minus the shortest path to the destination 
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-5 -4 -3 -2 -1 0 1 2 3 4 5 6 

6 0 4 0 4 0 4 0 0 0 0 0 0 
5 4 4 4 4 4 4 0 0 0 0 0 0 
4 0 4 4 4 4 4 4 0 0 0 0 0 
3 4 4 4 4 4 4 0 0 0 0 0 0 
2 0 4 4 4 4 4 4 0 0 0 0 0 
1 4 4 4 4 4 4 0 -4 0 -4 0 0 

0 0 0 4 0 4 0 -4 -4 -4 -4 -4 -4 

-1 0 0 0 0 0 -4 -4 -4 -4 -4 -4 0 
-2 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 
-3 0 0 0 0 0 -4 -4 -4 -4 -4 -4 0 
-4 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 
-5 0 0 0 0 0 0 -4 0 -4 0 -4 0 

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 

6 2 0 4 0 4 0 4 0 0 0 0 0 0 0 
5 2 4 4 4 4 4 4 0 0 0 0 0 0 2 
4 2 2 4 4 4 4 4 4 0 0 0 0 0 0 
3 2 4 4 4 4 4 4 0 0 0 0 0 0 2 
2 2 2 4 4 4 4 4 4 0 0 0 0 0 0 
1 2 4 4 4 4 4 4 0 -4 0 -4 0 -2 2 

0 -2 2 0 4 0 4 0 -4 -4 -4 -4 -4 -4 -2 

-1 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 -2 
-2 -2 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 
-3 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 -2 
-4 -2 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 
-5 0 0 0 0 0 0 0 -4 0 -4 0 -4 0 -2 

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 

7 2 2 2 2 2 2 2 -2 0 -2 0 -2 0 0 
6 2 2 4 2 4 2 4 2 0 0 0 0 0 0 
5 2 4 4 4 4 4 4 0 0 0 0 0 0 2 
4 2 2 4 4 4 4 4 4 0 0 0 0 0 0 
3 2 4 4 4 4 4 4 0 0 0 0 0 0 2 
2 2 2 4 4 4 4 4 4 0 0 0 0 0 0 
1 2 4 4 4 4 4 4 0 -4 0 -4 0 -2 2 

0 -2 2 0 4 0 4 0 -4 -4 -4 -4 -4 -4 -2 

-1 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 -2 
-2 -2 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 
-3 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 -2 
-4 -2 0 0 0 0 0 0 -4 -4 -4 -4 -4 -4 -2 
-5 0 0 0 0 0 0 -2 -4 -2 -4 -2 -4 -2 -2 
-6 0 0 2 0 2 0 2 -2 -2 -2 -2 -2 -2 -2 

Fig.4-Routing preference in a 12 X 12, 12 X 14, and 14 X 14 Manhattan street 
network. 

when the upwards-directed link is taken. Therefore, a negative number 
implies that the right link leads to the shortest path to the destination, 
and a positive number implies that the upwards link yields the shortest 
path to the destination. The magnitude of the number shows how 
much longer the distance to the destination would be if a packet were 
forced to take a less desirable path. A zero implies that the distance 
to the destination is the same along either path. The figures show that 
to get to half of the nodes either path can be taken, to get to a quarter 
of the nodes the left path should be taken, and to get to the other 
quarter of the nodes the right path should be taken. The figures also 
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Fig. 5-Adding nodes E, F, G, and H one at a time to the basic rectangular structure 
consisting of nodes A, B, C, and D in a Manhattan street network. 

show that if a packet is forced to take the wrong path, the increase in 
path length to the destination is never more than four. 

One problem with the shuffle-exchange network is the difficulty in 
changing the number of nodes in the network. Figures 5 and 6 show 
how nodes may be added to the Manhattan street network. Figure 5 
shows how two columns are added to the basic square structure within 
the Manhattan street network. The dotted lines show the links that 
will be broken when the next node is added. Figure 6 shows how the 
procedure is continued to add nodes to partially full columns. Each 
time a new node is added, two links are broken and connected to the 
new node. This is no greater than the number of links that must be 
broken in the bidirectional loop. Eventually this procedure leads to a 
network with two additional rows or columns, and the pattern of 
alternatingly directed rows and columns is preserved. 
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Fig. 6-Adding a node K to a partially full column in a Manhattan street network. 

When adding a new node both the physical position of the node and 
the topology of the network must be considered. It is desirable to 
connect the node to the nearest existing nodes, but it is also desirable 
to start as few new rows or columns as possible, and to keep the 
number of rows and columns equal. When rows and columns are kept 
approximately equal, the average and maximum shortest paths be­
tween nodes increase as shown in Table III. 

In the shuffle-exchange network it is occasionally better to establish 
a hierarchy of networks rather than make a single network larger. 
Hierarchical structures are also useful in Manhattan street networks. 
They are used to 
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Table III-Distances between nodes in 2; 
by 2j Manhattan street networks 

Shortest Paths Be-
tween Nodes 

Nodes Rows Columns Average Maximum 

4 2 2 1.33 2 
8 2 4 2.00 3 

16 4 4 2.93 5 
24 4 6 3.30 5 
36 6 6 3.71 6 
48 6 8 4.34 7 
64 8 8 5.02 9 
80 8 10 5.42 9 

100 10 10 5.84 10 
120 10 12 6.42 11 
144 12 12 7.02 13 
168 12 14 7.45 13 
196 14 14 7.89 14 
224 14 16 8.45 15 
256 16 16 9.02 17 

• Decrease the number of paths between physically distant sections 
of the network, 

• Eliminate long paths between communities of interest, and 
• Prevent traffic between communities of interest from affecting 

communications in other communities of interest. 
The two-connected strategy can be maintained, as in Fig. 7. How­

ever, this will make routing more complex. An alternative is to connect 
one or more of the nodes in a local area to a higher-level network, as 
shown in Fig. 8. By using this approach, routing decisions in a local 
area are not affected by network changes in other areas, and addresses 
in different local areas are assigned independently. A hierarchical 
addressing and routing structure, similar to that used in the telephone 
system, can be used. For example, the address within the local area 
corresponds to a phone number, and the address of the local network 
on the higher-level network corresponds to the area code. When 
sending a packet within the local area an area code is not required. 

3.4 An optimal two-connected network 

Certain characteristics of the "best" networks are difficult to quan­
tify. For instance, it should be possible to add nodes without making 
major reconfigurations, create geographically dispersed networks with­
out adding excessive numbers of long links, and establish communities 
of interest. Other characteristics, such as the average and maximum 
number of links between nodes, can be compared and bounded. 

Consider the class of two-connected networks. From a particular 
node, at most two nodes can be reached in one step, four additional 
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Fig. 7-A hierarchical Manhattan street network in which all of the nodes are two­
connected. 

nodes in two steps, and so on. The destination nodes form a binary 
tree. If, at any level in the tree, a destination node recurs, the number 
of new nodes that can be reached in future levels is reduced by the 
descendants of that node. Therefore, the maximum number of nodes 
that can be reached in m steps is 

i=m 

L 2i = 2m
+! - 2. 

i=l 

If every node in a two-connected network can reach this number of 
new nodes in each m steps, then the network has the smallest average 
and maximum distance between nodes. In general, networks with 
these characteristics do not exist. However, this is a lower bound on 
these distance characteristics. 

In the shuffle-exchange network with 2i nodes, each node must 
reach 2i - 1 nodes, and the maximum minimum distance between 
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Fig.8-A hierarchical Manhattan street network in which the nodes connected to 
the hierarchical network are four-connected. 

nodes is j. The number of nodes that are reached in j - 1 steps in the 
optimum network is 2j 

- 2. Therefore, if 2j 
- 1 nodes must be reached 

on the optimum network, the minimum distance to the furthest node 
is j, and the largest minimum distance between nodes in the shuffle­
exchange network is less than or equal to that in any network with 2j 

nodes. 
A comparison of the average and maximum distance between nodes 

I 
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Table IV-A comparison of the distances between nodes in several 
networks 

Number of Nodes 

Net Distance 16 64 256 

Opt Avg 2.53 4.19 6.06 
Max 4 6 8 

S-X Avg 2.73 4.49 6.40 
Max 4 6 8 

MSN Avg 2.93 5.02 9.02 
Max 5 9 17 

BDL Avg 4.26 16.25 64.25 
Max 8 32 128 

for the optimum, shuffle-exchange, Manhattan street network, and 
the bidirectional loop is shown in Table IV. In both the optimum 
network and the shuffle-exchange network, the maximum distance 
between nodes varies as the log of the number of nodes. In the 
Manhattan street network, the maximum distance between nodes 
varies as the square root of the number of nodes, and, in the bidirec­
tional loop, this distance varies linearly with the number of nodes. 
The same relationship is also noted between the number of nodes in 
these networks and the average distance between nodes. The average 
distance between nodes shows what fraction of the network resources 
is used to transfer a packet and provides an indication of the relative 
throughput of the networks. Although, as shown in Section II, there 
are other factors that also affect the throughput. 

IV. IMPLEMENTATION 

In a mesh network, as in a loop network, the communications lines 
are point-to-point links with a single transmitter and a single receiver. 
Transmission on these links is much simpler than in a broadcast 
network with a shared communication channel. The access protocols 
are simpler because there is only one source, and it is not necessary 
to multiplex users on the communication channel or resolve collisons. 
The receiver is simpler because the distance between the source and 
destination is constant, and the signal strength does not change by a 
large amount from packet to packet. Regenerating the signal to elim­
inate distance constraints is simpler because signals only propagate in 
one direction. Timing recovery is simpler because the source can 
transmit continuously and bit synchronization does not have to be 
reestablished at the beginning of each packet. In addition, the com­
munication line does not have many taps and is compatible with the 
current generation of fiber:optic equipment. 

In a two-connected network there are two links and a local source 
inputting data to a node, and two links and a local sink removing data 
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from the node. Occasionally, multiple inputs try to transmit data to 
the same outgoing link. One way to resolve this problem is to queue 
packets waiting for a link. The network now assumes the complexity 
of a store-and-forward network. Not only must potentially large packet 
queues be maintained, but adaptive-routing, flow-control, deadlock­
avoidance, and packet-resequencing issues must be addressed. 

In this section, the slotted-system and register-insertion techniques, 
developed for loop communication systems, will be extended to mesh 
networks with equal in and out degrees. The general strategy guaran­
tees that every packet arriving on an incoming link, and not destined 
for the node, will be transmitted on one of the outgoing links. There­
fore, it is not necessary to maintain a packet queue for the links 
emanating from the node. The requirement that packets passing 
through the node take one of the outgoing paths results in longer 
paths when the shortest path to the destination is busy. However, it 
is possible to design networks to reduce the effects of incorrect paths. 
For instance, in the Manhattan street network the path to only half 
of the destinations is increased if a packet is forced to take one path 
rather than the other. In addition, if a packet is forced to take a less 
desirable path, the distance to the destination is increased by at most 
four. 

The storage between the local source and the network is also limited. 
Packets from the local source are only transmitted when one of the 
outgoing links is not being used by an incoming link. It is assumed 
that either the local source can be throttled when the network is busy, 
or that the source provides data at a low rate relative to the network 
transmission rate. In the latter case, when a packet is lost, it must be 
recovered by a higher-level protocol. If the network delivers packets 
faster than the local sink can accept them, packets are either trans­
mitted on one of the outgoing links or discarded. In the former case, 
the network is used for storage. Since new packets cannot enter the 
network when it is recirculating old packets, this transmission strategy 
acts as a flow-control mechanism. The assumptions on the local source 
and sink are implicit in all loop-configured systems without infinite 
storage. 

The packets of data in a slotted system are fixed size. A node 
continuously transmits bits on each of the links emanating from the 
node, and periodically transmits a start-of-slot indication. The start­
of-slot indication is followed by a packet of data or an empty slot. In 
the interval between the start-of-slot transmissions, at most one 
packet of data is received on each of the incoming links. The packets 
that are received between start-of-slot transmissions are forwarded 
after the start of slot is transmitted. These packets are switched to 
one of the outgoing links or the local sink before data from the local 
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Fig. 9-Extension of slotted-loop systems to a mesh network. 

source are given access to the slot. Since there are the same number 
of links arriving and leaving from each node, and the local source can 
be throttled, a queue of packets will not accumulate. The operation of 
a slotted system without a packet queue is shown in Fig. 9. 

The interface for a register-insertion loop is shown in Fig. 10. 
Packets in this system are variable in size, but constrained to be less 
than the storage register Wz. The local source is only allowed to 
transmit when register Wz is empty. Since a packet from the local 
source is less than WI, all data received from the loop while the local 
source is transmitting can be stored in WI. When register Wz is not 
empty, bits from this register are transmitted on the loop. Therefore, 
the length of this register remains the same when bits are being 
received, and decreases when bits are not received. As long as this 
register is not empty, gaps between arriving packets are removed. 

The register-insertion technique can be applied to a mesh network 
in which the in degree and out degree of the nodes are the same by 
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Fig. lO-A register-insertion access unit in a loop system. 

Fig. ll-Extension of register-insertion systems to a mesh network. 

making the node appear as if several loops are passing through it. This 
is shown in Fig. 11. Registers Wn and W22 correspond to register Wi 
for loops 1 and 2, respectively. In addition to the local sink, register 
W12 appears to be a sink for loop 1. And, in addition to the local 
source, register W12 appears to be a source of data for loop 2. Therefore, 
register W12 · allows messages on loop 1 to transfer to loop 2. As in a 
loop system, if buffer W12 is full the packet must continue around loop 
1. Buffer W21 serves the same purpose for packets crossing from loop 
2 to loop 1. 

The register-insertion technique allows variable-length packets. 
When the system is busy, each node eliminates the null space between 
incoming packets to efficiently use the outgoing links. The slotted­
system technique uses fixed-size packets. If there is less than a packet 
of data, the packet is partially empty. Therefore, the register-insertion 
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technique uses the channel more efficiently. In a slotted system, the 
packets from the incoming links are aligned at the switching point. A 
packet only traverses a longer path if more than one incoming packet 
requires the same outgoing channel. In a register-insertion system, a 
packet can only transfer from one loop to the other if the crossover 
buffer is empty. It is possible that both packets on the through loops 
would rather be on the other loop, but cannot cross over because the 
buffers are full. Therefore, the register-insertion technique uses indi­
vidual links more efficiently, but the slotted system takes a shorter 
path between the source and destination. The technique that provides 
the greater throughput depends on both the message-length distribu­
tion and the network topology. 

A small amount of buffering can be included in either the slotted or 
register-insertion system to reduce the probability of a packet taking 
a longer path. In the slotted system, fixed-size packet buffers are 
inserted at the output channels. The probability that a packet must 
take a longer path is the probability that two arriving packets must 
take the same path and the buffer for that path is full. Without 
buffering, one packet must take the longer path whenever two arriving 
packets want to take the same path. In the register-insertion system, 
the additional storage is inserted at the crossover point. A packet 
cannot cross over if, when it is received, there are fewer bits available 
in the crossover buffer than there are in a maximum-size packet. In 
the original system, a packet cannot cross over if, when it arrives, the 
crossover buffer is not empty. Decreasing the probability that a packet 
takes a longer path decreases the fraction of the network resources 
that a packet uses, and increases the throughput of the system. The 
trade-off between buffering and system throughput remains to be 
in vestigated. 

v. FILE TRANSFER 

A file transfer consists of several packets being transmitted from a 
source to the same destination. In a system in which packets do not 
take the same path, it is possible that packets are not received in the 
same order that they are transmitted. Packets may be resequenced at 
the receiver, however, it is preferable to avoid this task. 

One possible solution to this problem is to transmit one packet at a 
time and wait for an acknowledgment. This reduces the file-transfer 
rate. However, because of the small delays at each node, this solution 
is not as bad in mesh networks as it is in store-and-forward networks. 
For instance, in a slotted system the average delay per node is half a 
slot time, and the average round trip delay equals the average number 
of hops between nodes, L, times the slot time. Therefore, there is an 
average of L slots between each packet in the file, and the file-transfer 
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rate equals the channel rate divided by L + 1. Higher file-transfer 
rates can be achieved by end-to-end protocols that take advantage of 
the delay characteristics of the system, or node protocols that take 
advantage of specific hardware structure. 

Because of the small amount of delay at each node, it is unlikely 
that packets that take routes that have approximately the same length 
will arrive out of sequence. This probability can be reduced by allowing 
a small number of slots between packets in the same file transfer. A 
simple file-transfer protocol, which takes advantage of this character­
istic, operates like the window protocols of store-and-forward networks 
and the go-back-N protocols of satellite systems. This protocol labels 
packets in a file transfer with a sequence number and a retry number. 
At the beginning of a file transfer, the transmitter and receiver start 
with the same sequence and retry number. The sequence number is 
the order of the packets. The receiver 

• Increments its retry number when a packet with the expected 
retry number and a larger sequence number is received, 

• Sends a positive acknowledgment if a packet has a sequence less 
than or equal to the expected number, 

• Sends a negative acknowledgment with its retry number and 
expected sequence number if the packet has a larger sequence 
number than it expects, and 

• Commits a packet if it has the expected sequence number. 
The transmitter 

• Stops saving a packet for retransmission when it receives a posi­
tive acknowledgment for a packet with a sequence number greater 
than or equal to the expected number, 

• Adopts a new retry number and starts retransmitting from a 
negatively acknowledged sequence number if a negative acknowl­
edgment with a larger retry number is received, and 

• Periodically retransmits the last packet in a file transfer until it 
receives an acknowledgment. 

The transmitter initially transmits packets in the file transfer in 
every available slot. However, when it receives negative acknowledg­
ments, it increases the number of slots between subsequent packets. 

Since this protocol only accepts packets in the correct order, packets 
do not have to be resequenced at the receiver. In a mesh network, 
several packets can be in transit between the source and destination. 
If the receiver misses a packet, it must send a negative acknowledg­
ment for every packet with a larger sequence number than expected 
to be certain that the trasmitter receives the negative acknowledgment. 
The retry number is included so that the transmitter only backs up 
and starts retransmitting when it receives the first negative acknowl­
edgment to an outstanding packet. 
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The transmitter adaptively changes the number of slots between 
packets according to network load and the rate of the receiver. When 
the network is lightly loaded, all packets follow the best path to the 
receiver, and arrive in sequence. If the receiver can accept packets at 
this rate, there are no negative acknowledgments, except for infrequent 
transmission errors, and the file-transfer rate equals the channel rate. 
When the network is heavily loaded, the packets follow different paths, 
are received out of sequence, and the file-transfer rate decreases. If 
the receiver cannot accept packets as fast as the transmitter can 
deliver them, the buffer in the interface unit is full when the packets 
arrive. In the systems described, these packets are directed to one of 
the output links at the node, and recirculate in the network until the 
buffer is available. These packets arrive out of sequence, negative 
acknowledgments are transmitted, and the transmitter slows down. 

Additional improvements are possible by taking the structure of the 
nodes into account. In a slotted system, subsequent packets in a file 
transfer can be marked. At a node, packets in a file transfer, which 
follow immediately behind one another, can be directed along the same 
path. The end-to-end protocol can he implemented with empty slots 
only occurring when the source cannot deliver packets quickly enough, 
or when the channel at the source node is busy with traffic passing 
through the node. This will improve the file-transfer rate on moder­
ately used channels. If this modification is used, the transmitter and 
receiver must negotiate the number of packets in a continuous se­
quence to be certain that the receiver can accept them at the channel 
rate. 

In a register-insertion system, if the loop paths define a Hamiltonian 
circuit, packets in a file transfer can be constrained to follow these 
loops. Since a packet can never be denied access to this loop, all 
packets follow the same path and will be received in sequence. This 
allows file transfers to occur at the channel rate without resequencing, 
but requires file transfers to use a larger fraction of the network 
resources. 

In both the register-insertion and slotted systems, it is possible to 
use a higher-level protocol to set up a limited number of virtual circuits 
along which file transfers can occur efficiently at the channel rate 
without resequencing. In the slotted system, the higher-level protocol 
is used to assign an input at a node to an output. When a file-transfer 
packet arrives at a node input, it is given first priority to the assigned 
output. Therefore, all packets in the file transfer follow the same path 
and do not have to be resequenced. The function of the higher-level 
protocol is to make the assigned paths for a file transfer use as few 
links as possible. The problem with this approach is that the preferred 
paths must be established at the beginning of each file transfer and 
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disabled at the end of the transfer. In addition, a file transfer may be 
temporarily blocked by previously assigned paths, creating a need for 
a scheduler. In the register-insertion system, the preferred paths are 
established as the paths through the node. This has the same problems 
as the slotted system. 

VI. CONCLUSION 

Mesh networks increase the throughput of conventional local area 
networks by decreasing the fraction of the network capacity needed to 
transmit information between a source and a destination. These 
networks have multiple paths between each source and destination, 
thus increasing the reliability of local networks. The networks consist 
of point-to-point links, and can be extended to cover a metropolitan, 
rather than a local, area. 

In general, mesh networks require complex store-and-forward nodes 
that also route messages, control the flow of data entering the network, 
resequence packets at the destination, and recover packets with errors. 
There are characteristics of the local or metropolitan area that allow 
these functions to be simplified. In the local environment, regular 
network topologies can be selected in which routing is straightforward. 
The lower error rates make it reasonable to recover errors on an end­
to-end basis. This allows loop-access protocols to be extended to mesh 
networks, eliminating the need for buffering and additional flow­
control protocols. Extensions for the slotted system and register­
insertion techniques used in loop systems have been shown. Buffering 
can be included in these systems to improve the channel utilization; 
however, channels are less expensive in the local environment. The 
small node delays in these systems also make it reasonable to imple­
ment file-transfer protocols that do not require packet resequencing. 

Three mesh networks have been studied, and the desirable charac­
teristics of networks have been determined. Networks should have 
regular structures with simple routing rules, and should not have 
single points of failure. By minimizing the average and maximum 
distance between nodes, the fraction of the network resources used to 
transmit a packet decreases, and the throughput increases. This can 
be done by packing topologies with these characteristics noted, and by 
locating communities of terminals that communicate frequently in the 
same area of the network. Equal-length alternate paths between 
sources and destinations reduce the probability of bottlenecks and the 
need for buffering within a node. Networks will change, and it must 
be possible to add or delete nodes without changing a large number of 
connections. If the network covers a large area, it must be possible to 
limit the connections between nodes in different areas. Of the networks 
studied, the Manhattan street network has all of these characteristics. 
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It is assumed that a data carrier signal is transmitted over a fading channel 
whose frequency response can be closely approximated over the transmission 
band by a first-order polynomial in frequency, the coefficients being slowly 
varying functions of time. An equivalent baseband model is obtained wherein 
the transmitted signal is of the form s(t) = L~oo ak!(t - kT), and the received 
signal is of the form r(t) = s(t) + x(t)s'(t), where x(t) is an unknown (e.g., 
random) function of time. The problem solved in this paper is that of finding 
the function! of prescribed bandwidth that minimizes the mean-square error, 
E{ 1 r(nT) - an 12}, under the assumption that the ak are independent random 
variables of zero mean and unit variance, and Efl x(t) 121 = ci. The results 
also apply to the sometimes more realistic hypothesis, 1 x(t) 1 :s:; a. 

I. INTRODUCTION 

A common method of transmitting data {ak} and {bk} is via a carrier 
signal of the form 

(1) 

where 

(2) 

In the usual mathematical model, f(t) = (sin rU)/fU, Q = 'Tr/T, so that 
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sl(nT) = an; s2(nT) = bn. 

Assuming then that se(t) is transmitted over an ideal noiseless channel, 
Sl(t) and S2(t) can be recovered by synchronous demodulation of the 
received signal, and then the data obtained by sampling Sl and S2 at 
the times n T. 

A problem, communicated by G. Foschini, arises when sc(t) is 
transmitted over a channel having a relatively slow-varying fading 
characteristic. L. J. Greenstein and B. A. Czekaj have found that, in 
many cases, the fading channel response can be fairly well approxi­
mated over the transmission band by a first-order polynomial in 
frequency w, 

Ao(t) + Al(t){W - We} + Bl(t)i{w - We}, 

with slowly varying real coefficients. 1 Then, to a good approximation, 
synchronous demodulation of the received signal gives, instead of Sl(t), 

rl(t) = AO(t)Sl(t) + Bl(t)s{(t) + it l (t)S2(t), 

and a similar expression for the alteration of S2(t). 
We assume that Ao(t), the center-frequency channel gain, is positive 

and can be determined at the receiver (e.g., by measuring the average 
power in a narrow band about the center frequency), so that, by the 
use of automatic gain control we have available, 

(3) 

where Xl (t) and X2( t) are unknown, for example, random, slowly 
varying functions of time. Then 

ri(nT) = an + xl(nT)s{(nT) + x2(nT)s2(nT). (4) 

It has been suggested,2 as an alternative to using adaptive channel 
compensation, that error-free reception may be obtained by doubling 
the bandwidth of t(t) in (2), i.e., by taking t(t) = (sin nt)2/(fU)2, n = 
7r/T, so that s{{nT) = s2(nT) = o. Here we want to determine the best 
attainable trade-off between mean-square error and bandwidth under 
certain assumptions on {ak}, {bk}, Xl(t), and X2(t). 

We have, from (2), 

ri(nT) - an = an{f(O) - I} + L akt(nT - kT) 
k¢n 

Now we assume that the ak and bk are independent random variables 
of zero mean and unit variance. Then the expected mean -square error 
over {ak} and {bk} is 
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Efl ri(nT) - an 12} = 11 - f(O) 12 + L I f(kT) 12 
k7JfO 

+ {xi(nT) + x§(nT)} L I f'(kT) 12 + 2xl(nT) L f'(kT)f(kT) 
k7JfO 

+ 2xl(nT)[f(0) - 1]1' (0). (6) 

[Note that the cross product xl(nT)x2(nT) does not enter here because 
of the assumptions on {ak} and {bk}.] 

Now let us suppose that Xl(t) and X2(t) are random (continuous) 
functions satisfying 

E{I Xl(t) 12} = ai, 

E{I X2(t) 12} = a§. 

Then we have, for the expected, or mean-square error, f2, 

(7a) 

(7b) 

f2 = 11 - f(O) 12 + L {f(kT) 12 + a2 L I f'(kT) 12, (8) 
k7JfO 

where a2 = ai + a§. 
As an alternative to the statistical assumptions, (7a) and (7b), let 

us suppose that 

I Xl(t) I ~ ah 

I X2(t) I ~ a2· 

(9a) 

(9b) 

These assumptions may be more relevant in practice than the statis­
tical assumptions. Note that if the coefficient of xl(nT) in (6) vanishes, 
which will be the case if f(t) is even; then, under the assumptions (9a) 
and (9b), (8) will hold with the equality sign replaced by ~. We wish 
to minimize the quantity on the right in (8) over bandlimited functions 
f of prescribed bandwidth. As we shall see, the minimum will be 
obtained for a real-valued even function, so that, indeed, the minimum 
will be an upper bound for f2 under the assumptions (9a) and (9b). 

Note that, in the end, the quantity to be minimized depends only 
on how large I Xl(t) I and I X2(t) I may be, slowly varying or not. The 
slowly varying hypothesis was used only to obtain (3) from the fading 
channel model. The same minimization problem is obtained, under 
the previous assumption on {ak}, if 

s(t) = L akf(t - kT) (10) 

is transmitted over a channel such that the received signal is simply 

r(t) = s(t) + x(t)s'(t), (11) 
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where x(t) is an unknown (continuous) function satisfying, if x(t) is 
random, 

EI I x(t) 12} = a?, 

or (say) if not, then 

Elx(t)} = 0, 

I x(t) I :::: a. 

(1Ia) 

(lIb) 

It is convenient, and sufficient, to consider the case T = 1 in (8), so 
that the quantity of interest is 

00 

€2 = 11 - 1(0) 12 + L I(k) 12 + a 2 L I f'(k) 12. (12) 
WO 

This is to be minimized over functions I in B2(n); i.e., functions in L2 
of the form 

110 

I(t) = - F(w)eiwtdw. 
27r -0 

(13) 

We need only consider the case 0 < n :::: 27r, since for n ~ 27r we can 
make €2 = 0 by taking I(t) = (sin 7rt)2/(7rt)2. The transmission system, 
of course, is useless if €2 ~ 1, but we can always make €2 < 1 by 
appropriate choice (or scaling) of I, (I == 0 giving €2 = 1). 

In general, we will not have 1(0) = 1 for the optimal I. This is easily 
seen by defining the governing quantity in the problem, viz., 

Jl(n; a) = inf { L I I(k) 12 + a2 ~ I f'(k) 12}. (14) 
{eB2(!l) wo -00 

{(0)=1 

It follows from this definition that 

L I I(k) 12 + a2 L I f'(k) 12 ~ Jl(n; a)l 1(0) 12, I in B 2(n). (15) 
k~O 

Thus from (12) and (15) we have 

€2 ~ 11 - 1(0) 12 + 11(0) 12Jl(n; a), I in B 2(n). (16) 

The quantity on the right is minimized by taking 

1(0) = ~ = ~(n; a) = II + Jl(n, a)r\ (17) 

giving 

(18) 

Thus if the infimum in (14) is attained for I = I(t; n, a), then equality 
will hold in (18) for the optimal function 

lo(t; n, a) = ~ I(t; n, a). (19) 
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In cases of practical interest, J.L will be small, and hence fo(O) will be 
slightly less than 1. 

II. RESULTS 

The results are summarized in the following: 

Theorem: Define for a > 0, Q > 0, 

7r aQ 
p(Q; a) = Q . arctan(aQ)' (20) 

where arctan(·) is between 0 and 7r/2. Then in (14) we have, for 0 < Q 

J.L(Q; a) = p(Q; a) - 1, (21) 

and for 7r < Q :::::; 27r, 

/L(Q; a) = {(1 -Pl + fJ . arct:~;fJ1I")r -1, (22) 

where 

(22a) 

For Q ;::: 27r, 

J.L(Q; a) = o. (23) 

Furthermore, for 0 < Q :::::; 7r, the infimum in (19) is attained only for 

1 10 
cos wt f(t) = f(t; Q, a) = p(Q; a) -2 1 2 2 dw (24) 

7r -0 + a w 

and for 7r < Q :::::; 27r, a> 0, only for 

f(t) = (1 - A)f(t; (37r, a) 

+ A{cp(t; Q)cos trt - .! cp'(t; Q)sin 7rt}, (25) 
7r 

where f(t; ., a) is defined in (24), {3 is defined in (22a), and 

III. DISCUSSION 

A= 1-{3 
(1 - (3) + (3 . arctan(a{37r)' 

a{37r 

( . n) = sin(Q - 7r)t 
cp t, ~{; (Q _ 7r)t . 

(25a) 

(25b) 

In the simple fading channel model we have fixed the sampling 
interval T to be unity, so that Q = 7r corresponds to Nyquist-rate 
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transmission, and solved the minimization problem for 0 < D ~ 27r. 
The case 0 < D < 7r might be considered uninteresting, for in this case 
the bandwidth is too small for the data rate. However, the solution for 
this "uninteresting" case enters in the solution for the interesting 
case, 7r < D < 27r. 

From the results stated in the Theorem, the optimal function in 
B 2(D) for minimizing the mean-square error is found to be 

1 Lfl cos wt 
lo(t; D, a) = -2 1 2 2 dw, 0 < D < 7r, 

7r -fl + a w 
(26) 

lo(t; D, a) = lo(t; 27r - D, a) + ho(t; D), 7r < D ~ 27r, (27) 

where 

h ( ) {
sin(D - 7r)t} 1 {d sin(D - 7r)t} . o t; D = cos trt - - - sm 7rt 

7rt 7r dt 7rt 

1 L ( IWI) = -2 1 - -2- coswt dw, (D1 = 27r - D). 
7r fl1<1 w I<fl 7r 

(28) 

The resulting minimum mean -square error is 

(?(D' a) = 1 - ~ arctan(aD) 0 < D ~ 7r, 
o , 7r aD ' (29) 

2( . ) _ ( _~) { _ arctan[a(27r - D)]} 
Eo D, a - 2 7r 1 a(27r - D) , 7r < D ~ 27r, (30) 

where 0 ~ arctan(.) < 7r/2. 
The main interest attaches to this quantity for 7r ~ D ~ 27r and a 

small, in which case 
a 27r2 

E5(D; a) == -3- {2 - (D/7r)}3. (31) 

So there is an interesting trade-off between error and bandwidth in 
this case. 

In the other direction we have 

(32) 

Thus, if a is very large, D must be very near 27r in order for the error 
to be small; i.e., one may as well take D = 27r for very large a. However, 
other practical considerations enter in the case of large a; e.g., the 
necessities of very accurate sampling and very close approximation of 
the extremal function. Also, additive noise, which has been neglected 
in this analysis, will be magnified by automatic gain control during 
periods of deep fading. So the results are deemed of no practical value 
in the case of large a. 
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Notice that the extremal function for the case 7r < n < 27r has two 
distinct components, the low-frequency component being the extremal 
function for the frequency (27r - n). The other component, ho(t; n) is 
a bandpass function that does not depend on a, since as may be seen 
from the first line in (28), its derivative vanishes at the integers. From 
the second line in (28), it is seen that ho(t; n) is a bandpass version 
(center frequency 7r, upper frequency n) of (sin 7rt)2/(7rt)2, the extremal 
function for n = 27r. Graphs of Fo(w; n, a), the Fourier transform of 
lo(t; n, a), are shown in Fig. 1 for several values of nand a2. 

It is doubtful that detailed statistics on fading channels, even if 
available, would be useful in practice, except to the extent that they 
could give a rough idea of what might be expected. Generally speaking, 
large errors cannot be tolerated over long intervals (negating, to some 

(a) 

-2 -1 o 

(b) 

-2 -1 2 

(e) 

Fig. I-The Fourier transform Fo(w/Tr; n, a) of the extremal function for various 
values of nand a. (a) n = 1.211", a 2 = 10. (b) n = 1.511", a 2 = 1. (c) n = 1.811", a 2 = 0.1. 
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extent, the adoption of the mean-square error criterion), and one is 
faced with the dilemma of uncertainty in using such channels. In the 
model here, the "expected value of ex2

" might be regarded from a 
pragmatical viewpoint as a mathematical non sequitur which might 
better be replaced by a design hypothesis, I x(t) I ~ ex. Then the use of 
lo(t; Q, ex) guarantees that the mean-square error will not exceed 
f5(Q; ex) if the hypothesis is true. The design problem is much like that 
of deciding how much insurance to buy. 

On the other hand, one might adopt a hedging strategy, where extra 
bandwidth is used to guard against fading, while zero error is obtained 
in the absence of fading by using a truly interpolatory I. That is, in 
the problem of minimizing 

L I I (k) 12 + ex2 L I f' (k) 12 (33) 
wo 

over I in B2(Q), 7r < Q ~ 27r, 1(0) = 1, one decides to make the first 
sum zero and minimize the second sum under the constraints. The 
extremal function for this problem, then, depends only on Q, and is 
found to bet 

f ( ) sin 7rt {sin(Q - 7r)t (2 Q) (0 ) } t· Q = -- + - - cos ~l. - 7r t 
1 , 7rt 7rt 7r ' 

(7r < Q ~ 27r), (34) 

the minimum value of the second sum in (33) being, under the 
constraints, 

~ I IHk; Q) 12 = 7r
2 (2 _ g)3, 

-00 3 7r 
(35) 

The Fourier transform of 11 is 
FI(w; Q) = 1 for Iwl < 27r - Q, 

Iwl 
= 1 - 27r for 27r - Q < I w I < Q, 

= 0 for I wi> Q. (36) 

The graph of FI(W; Q) (see Fig. 2) suggests a log cabin; so it will be 
called the log-cabin characteristic, and II(t; Q) will be called the log­
cabin kernel. 

One may choose an optimum scaling of the log-cabin kernel as a 
substitute for lo(t; Q, ex) in the original problem of minimizing, over I 
in B 2(Q), 7r < Q ~ 27r, 

fIt is no surprise that ft(t; Q) = lim..-o fo(t; fl, a). 
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Fig. 2-The log-cabin characteristic. 

~2(f) = 11 - {(O) 12 + L I {(k) 12 + a? L I f'(k) 12. (37) 
wo 

The resulting function is 

{1O(t; n, a) = l' {l(t; n), (38) 

where 

[ 2 2 ( n)3]-1 
l' = 1 + a 3

7r 
2 - ;: . 

(In case a is small, the optimum scaling may be ignored, as it only 
amounts to a second-order correction.) The optimally scaled log-cabin 
kernel gives for the mean-square error in the original problem, 

a
2
7r
2 ( n)3 - 2--

2 ) 3 7r ( ) ~1O(n; a = 2 2 ( )3' 7r < n ~ 27r. 39 a7r n 
1+- 2--

3 7r 

In Fig. 3, 10 log1O{~5(n; a)} and 10 log1O{~io(n; a)} are plotted, for 
various values of a 2

, versus the normalized angular frequency, n/7r, 
which corresponds to 2 WT for a top frequency Wand a sampling 
interval T. To evaluate the effectiveness of {o(t; n, a), some reference 
value of mean-square error must be adopted. It seems natural that 
~5(n; a) should be compared with dO(7r; a), the minimum mean-square 
error obtainable (at Nyquist rate) with an optimal scaling of (sin 7rt)/ 
7rt. Thus, for a 2 = 1, a 50-percent increase in bandwidth gives an 
improvement of approximately 6.3 dB. For small values of a 2

, the 
improvement in decibels is approximately -30 log1O[2 - (n/7r)], which 
for n = 1.57r is approximately 9 dB; i.e., the mean-square error is 
reduced by a factor of 8 for a 50-percent increase in bandwidth. The 
difference between ~5(n; a) and ~io(n; a) is insignificant for moderate 
to small values of a 2

• Of course, the extremely small errors given for 
n near 27r have to be discounted in practice as being purely theoretical 
values. 
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Fig. 3-Bandwidth-error exchange for various values of a 2
• The solid line is for the 

optimal kernel; the dotted line is for the log-cabin kernel. 

Whether or not the simple fading channel model is wholly accepta­
ble, there is another reason for recommending or rationalizing the use 
of lo(t; Q, a), or the log-cabin kernel; this reason being a reduced 
sensitivity to sampling jitter. We outline the justification of this 
reason. 

In the problem of sampling jitter, it is supposed that 

(40) 
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where I is a real-valued function in B2(Q) and the ak are independent 
random variables of zero mean and unit variance. In the absence of 
sampling jitter, I is taken, in case Q = 7r, to be (sin 7rt)/7rt, so that s(t) 
is sampled at time(s) t = n to obtain an = s(n). In the presence of 
sampling jitter, s(t) is inadvertently sampled at time(s) t = n + r, 
where r is assumed to be a random variable with density p(r), usually 
symmetric about r = o. This jitter results in an error 

k#-n 

The expected mean-square error over the {ak} is 

E?(r) = {I - l(r)}2 + L F(k + r) 
k#-O 

= 1 - 2/(r) + L F(k + r), 

which, when averaged over r, gives 

(41) 

(42) 

,2 = 1 - 2l: f(T)p(T)dT + l: { ~ f'(k + T)}P(T)dT. (43) 

In case 0 < Q :::; 7r, the sum in the last integral is J:oo F(t)dt, 
independent of r. In this case, 

,2 = 1 - 2l: f(T)p(T)dT + l: f2(t)dt. (44) 

It is easy to show that f.2 in (44), which is the same as f2 in (43) only 
for 0 < Q :::; 7r, is minimized over I in B 2(Q) by taking 

f(t) = roo p(T) sin ~( t -) T) dT. (45) J-oo 7r t - r 

That is, I(t) is obtained by bandlimiting p(t) [projecting p(t) 
on B2(Q)]. 

Recall (26), where 

1 In cos wt 
lo(t; Q, a) = -2 1 2 2 dw, 

7r -n + a w 

From this, it is seen that 

I ( . (") ) = loo e-1Tlla sin Q(t - r) d 
/0 t, ~~, a 2 ( ) r, 

-00 a 7r t - r 

o < Q :::; 7r. 

o < Q :::; 7r. (46) 

Thus, for 0 < Q :::; 7r,/o(t; Q, a) may be interpreted as the function in 
B 2(Q) which minimizes the mean-square error due to (reduced band­
width and) a sampling jitter r with density (2a)-le-ITl/a, -00 < r < 00. 
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The fact that T is unbounded requires the assumption of an ensemble 
of sampling mechanisms. However, this is not important in the case 
of small a, when all that really matters is the second moment of p(T). 

The mean-square error due to sampling jitter can be decreased at 
the expense of extra bandwidth. For Q > 7r, the sum L~oo P(k + T) is 
no longer, because of aliasing, the same as f~oo p(t)dt. The case 7r < Q 
~ 27r can be treated, as in the proof of the Theorem, by decomposing 
las 

I(t) = g(t) + h(t), 

where g is the low-frequency component, bandlimited to [-(27r - Q), 
(27r - Q)], and h is the bandpass component with center frequency 7r 
and upper frequency Q. It turns out that the low-frequency component 
of the optimal I is obtained by bandlimiting the density p(T). So in 
case of the two-sided exponential density, g(t) = lo(t; 27r - Q, a) is 
optimal, as in lo(t; Q, a). The optimal bandpass component h(t) is not 
quite the same as ho(t; Q) in (28), but is very close to ho(t; Q) in case 
the density is symmetric with small support [-a, a]. In fact, as a ~ 0, 
the optimal I in B2(Q), 7r < Q ~ 27r, for the (symmetric) sampling-jitter 
problem tends to 11(t; Q), the log-cabin kernel. So the log-cabin kernel 
is near optimal for reducing, at the expense of bandwidth, the mean­
square error due to small symmetrically distributed sampling jitter. 

An obvious generalization of the problem considered here is the 
minimization over I in B 2(Q) of 

,2(f) = 11 - {(OJ 12 + ~o 1 {(h) 12 + ~1 if. Lt 1 [In)(h) 12}. (47) 

In response to a question raised by the Referee, a numerical approach 
to this problem is not recommended, at least for moderate N, because, 
first, the analytical solution is tractable, simpler, and exact; and 
second, certain anomalies can be anticipated. 

For 0 < Q ~ 7r, the solution is almost trivial, the extremal function 
being 

1 In cos wt 
lo(t; Q, aN) = -2 P( 2. _ ) dw, 

7r -n W , aN 

where 
N 

P(w2; aN) = 1 + L a~w2n. 
n=l 

Always (for any Q), the minimum mean-square error is 

f5(Q; aN) = 1 - 10(0; Q, aN). 
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Clearly, f2(f) can be made zero for Q ~ (N + 1)71" by taking I(t) = 
(sin 7I"t)N+1j(7I"t)N+1. For 71" < Q < (N + 1)71", aliasing complicates the 
problem. However, the aliasing can be handled in a systematic way, 
and the solution, if tedious, is straightforward, except in anomalous 
cases where only even-order derivatives appear in the last sum in (47). 
In the anomalous cases, the minimum, or properly speaking, the 
infimum of f2(f) over I in B2(Q) is not attainable for 71" < Q < 
(N + 1)71". For example, 

f2(f) = 11 - 1(0) 12 + L I I(k) 12 + a~ L I I"(k) 12 
k""O 

can be made arbitrarily small for I in B 2(271"), but only at the expense 
of making the norm (in L 2) of I very large. 

There will be near-anomalous cases where the infimum is attained 
but for an I of large norm, i.e., cases where the solution is not 
satisfactory for reasons not taken into account. One consideration is 
the average power of the transmitted signal, which is directly propor­
tional to f~oo p(t)dt. Another consideration is the sensitivity to sam­
pling jitter. 

It is obvious, then, in the general problem, that f2(f) should be 
minimized with a constraint on the norm of I. This severely compli­
cates the problem. The practical alternative is to solve the problem 
and then appraise the solution. What is needed is a better understand­
ing of how the alphas affect the norm of the solution for n > 71". 
It turns out for the simple problem considered here that the norm of 
lo(t; n, a) decreases with n for 71" < Q < 271". It would be nice to have, 
at least, sufficient conditions on the alphas for this decrease to obtain 
in the general problem. On the basis of the solution (48) to the general 
problem for n = 71", and the analogous sampling-jitter problem, it is 
conjectured that a sufficient condition on the alphas is that the 
reciprocal of the polynomial P(w2; aN) in (48) be the Fourier transform 
of a positive function. 

IV. PROOF OF THE THEOREM 

The minimization problem is obviously equivalent to the problem 
of minimizing over I in B2(Q), 

(50) 

subject to 1(0) = l. 
Now suppose I = II + i12, where II and 12 are real-valued functions 

in B 2(n) with 11(0) = 1,12(0) = o. Then, obviously, 

Q(I; a) = Q(II; a) + Q(12, a). (51) 
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So we may restrict our attention to real-valuedf in B2(Q). Next suppose 
that f = II + h, where fl and f2 are real-valued functions in B2(Q), fl 
being even, and f2 odd. Once again we obtain (51), since fl and f2 
(f{ and ff;.) are orthogonal over the integers. So we may restrict our 
attention to real-valued even functions f in B 2(Q), f(O) = 1, in seeking 
the minimum. 

Now define 

Q*U; a) = I: 1 I(t) 12dt + a 2 I: 1 f' (t) 12dt. (52) 

Then we have 
Lemma 1. For fin B2(Q), 0 < Q ~ 7r, we have 

Q(f; a) = Q*(f; a). 

This follows from the well-known result, 

T ~ 1 l(kT + 8) 12 = I: 1 ((t) 1
2dt, 

(53) 

fin B2(Q), () real, 0 < T ~ 7r/Q, (54) 

and the fact that if f belongs to B2(Q) then so does f'. D 
Next define 

p(Q; a) = inf {Q*(f; a)}, 0 < Q < 00, 
fEB2 (r!) 
f(O)=l 

o ~ a < 00. (55) 
Then it is a simple matter to establish: 

Lemma 2. We have 

p(Q. a) = ~ . (aQ) 
, Q arctan(aQ)' 

and the infimum in (55) is attained for, and only for, 

1 In cos wt 
f(t) = f(t; Q, a) = p(Q; a) . -2 1 2 2 dw. 

7r -n + a w 

(56) 

(57) 

It follows from Lemmas 1 and 2, and the definition (14) of 1t(Q; a), 
that 

1t(Q; a) = p(Q; a) - 1, 0< Q ~ 7r. (58) 

So Lemmas 1 and 2 establish the first part of the theorem. 
Proof of Lemma 2. From the previous argument [which applies as well 
to the integrals in (52)], the extremal fwill be real and even; i.e., 

1 In f(t) = -2 F(w) cos wt dw, 
7r -n 

f(O) = 1, (59) 
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where F(w) is real and even. Then 

1 If! Q*(f; a) = - F2(w)(1 + a2w2)dw. 
271" -f! (60) 

Now suppose g is any real even function in B 2(Q) satisfying g(O) = 
0; i.e., 

1 If! g(t) = - G(w)cos wt dt, 
271" -f! 1: G(w)dw = O. 

Then 

1 If! 
Q*(I + g; a) = 271" -f! [f(w) + G(w)]2(1 + a2w2 )dw 

= Q*(/; a) + Q*(g; a) 

1 If! +;: -f! F(w)G(w)(l + a2
w

2
)dw. 

The last integral vanishes, in accord with (61), if 

c 
F(w) = 1 2 2· 

+aw 

Then setting I + g = 117 we have 11 in B 2(Q), 11(0) = 1, and 

Q(/I) = Q(/; a) + Q(/I - I; a) ~ Q(/; a) 

with equality throughout if, and only if, 11 - I == o. 

(61) 

(62) 

(63) 

(64) 

So the restriction to [-Q, Q] of F(w) given by (63) is the Fourier 
transform of the extremal function, provided 

(65) 

requiring 

71" (aQ) 
c = -. 

Q arctan(aQ)· 
(66) 

Then 

(67) 

Now to find the extremal I in B2(Q), 71" < Q ~ 271", we first introduce 
B 2(a, b), the class of square-integrable bandlimited functions whose 
Fourier transforms vanish outside· the intervals [-b, -a], [a, b], where 
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o :s:; a < b < 00. (In case a > 0, the functions are called bandpass 
functions.) For fin B2(n), 7r < n:s:; 27r, we may make the decomposition, 

f(t) = g(t) + h(t), g in B2((37r), 

(68) 

where (3 = 2 - (n/7r), 0 :s:; (3 < 1. Next we use the general representation 
for h in B2((37r, n), 

h(t) = p(t)cos 7rt + q(t) sin 7rt, p, q in B2((3' 7r),. (69) 

where (3' = 1 - (3 > o. 
In Q(f; a), we need the values of f(k) and f'(k), which with the 

decomposition (68) become 
f(k) = g(k) + (-l)kp(k), (70) 

f' (k) = g' (k) + (-l)k[p' (k) + 7rq(k)]. (71) 

Now it is convenient at this point to use the fact that the extremal f 
will be real, allowing us to write 

00 

Q(f; a) = L [g(k) + (-1)kp(k)]2 

00 

+ a2 L {g' (k) + (-l)k[p' (k) + 7rq(k)]}2 

00 

= L g2(k) + a2 L [g' (k)]2 + L p2(k) 

00 00 

+ a2 L [P'(k) + 7rq(k)]2 + 2 L (-l)kg(k)p(k) 

00 

+2a2 L (-l)kg' (k)[P' (k) + 7rq(k)]. (72) 

Now recall that g and g' belong to B2((37r); p and [P' + 7rq] belong 
to B2((3' 7r), where 0 < (3 :s:; 1 and (3' = 1 - (3. Therefore, gp and 
g'[P' + 7rq] belong to B 1(7r), the class of absolutely integrable (L1) 

functions whose Fourier transforms vanish outside [-7r, 7r]. Hence, 
their Fourier transforms vanish at the endpoints, ±7r, since the Fourier 
transform of a function of L1 is continuous. If follows, for example, 
from the Poisson sum formula, that the last two sums in (72) vanish, 
and the other sums may be written as integrals, in accord with (54). 
Thus 

Q(f; ex) = L: g'(t)dt + cl L: [g'(t))2dt 

+ L: p2(t)dt + ex2 L: [P'(t) + 1rq(t)]2dt, (73) 
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g in B2({37r) , p, q in B2({3'7r). 
We wish to minimize this quantity subject to 

f(O) = p(O) + g(O) = 1. 

First we make the last integral vanish by taking 

1 
q(t) = - - p'(t), 

7r 

noting that this is not necessary in case a = o. Then 

Q(f; a) = Q*(g; a) + I: p2(t)dt, gin B2(fhr), 

(74) 

p in B 2({3'7r). (75) 

Now suppose 

p (0) = X and g (0) = 1 - X. 

Since 

p (0) = 100 

p(t) sin {3'7rt dt, 
-00 7rt 

we have, from Schwarz's inequality, 

I: p'(t)dt '" p'(O)jfJ', 

with equality holding if, and only if, 

( ) = (0) sin {3'7rt 
p t p (3'7rt' 

From Lemma 2, we have 

Q*(g; a) ;;?; g2(0). p({37r; a), 

with equality holding if, and only if, 

g(t) = g(O). f(t; (37r, a). 

Therefore 

(76) 

(77) 

(78) 

(79) 

(80) 

(81) 

Q(f; a) ;;?; min {(1 - X)2p({37r; a) + X2j{3'} (82) 
A 

where {3' = 1 - {3 > o. 
The minimum occurs for 

giving 

X = ___ 1_----..:-.{3 __ _ 
(1 - (3) + [p({37r; a)r1

' 
(83) 

BANDWIDTH-ERROR EXCHANGE 1703 



Q(f; a) ~ {[p({j7r; a)r1 + 1 - (j}-l = m(Q, a), 7r < Q :s:: 27r, (84) 

with equality holding (for a > 0) if, and only if, 

t(t) = (1 - X) t(t; (hr, a) + X {<I>(t)COS "t - ;: <1>' (t)sin "t}, (85) 

where f(t; Q, a) is defined in (57), A is given by (83), and 

( ) 
_ sin(Q - 7r)t 

¢ t - (Q _ 7r)t . (86) 

The uniqueness qualification, "for a > 0", owes to the fact [cf. (74)] 
that we need not have q(t) = -p'(t)/7r, in case a = 0, in order to 
minimize Q(f; a) with f(O) = 1. Obviously, any function in B 2(Q) 
satisfying f(O) = 1 and having (sin 7rt)/7rt as a factor will minimize 
Q(f; 0). Since equality may attain in (84) for f given by (85), we have 

J,L(Q; a) = m(Q; a) - 1, 7r < Q :s:: 27r, (87) 

and the theorem is proved. D 
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A large-scale, single-period, mathematical programming model of a multi­
commodity distribution system has been designed and implemented to analyze 
and to help reconfigure AT&T distribution facilities. Within this model, the 
number, size, and location of major stocking locations and subsidiary stocking 
locations are determined on the basis of various incurred costs. These costs 
include facility setup costs, facility closing costs, and shipping, inventorying, 
handling, and operating costs. The model incorporates various features that 
do not appear in standard facility location models, such as nonlinear economies 
of scale in operating cost, capacity constraints, special products that are 
handled by only a limited number of facilities, and establishment of subsidiary 
stocking locations where desirable. In this paper we describe the model, provide 
a mathematical programming formulation of the problem, and describe the 
algorithm that was developed to obtain good solutions in an efficient manner. 
The flexibility of the formulation and the efficiency of the solution technique 
make this model a unique and useful tool. It can provide insight when used to 
study an existing or proposed distribution system, and it has already been 
used in a variety of case studies. 

I. INTRODUCTION 

Large manufacturing and industrial concerns, such as AT&T, pro­
vide for the warehousing and distribution of finished goods. Decisions 
concerning the number, size, and locations of warehousing and distri­
bution facilities greatly affect the cost of a large material logistics 
system. 
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sion. Permission to reproduce or republish any other portion of this paper must be 
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This paper describes a large-scale, single-period, mathematical pro­
gramming model of a multicommodity distribution system. Various 
quantitative studies of distribution problems can be performed using 
this model. For example, an analyst can examine the trade-off between 
many small distribution facilities and a few large facilities, determine 
a consolidation strategy in areas of contracting demand, plan an 
expansion strategy in areas of increasing demand, and so forth. 

This model currently is being used to analyze and help reconfigure 
AT&T distribution facilities in order to meet future material logistics 
requirements. The flexibility of the model has allowed it to be applied 
in a variety of in-depth case studies. These studies have included both 
national and regional studies, studies of different tiers within the 
distribution system, and studies involving different families of prod­
ucts. To provide this flexibility, components of the model are described 
in generic terms with a minimum of restrictive assumptions. 

Within the model, the number, size, and location of major stocking 
facilities, called Distribution Centers (DCs), and subsidiary stocking 
facilities, called Local Distribution Centers (LDCs), are determined 
on the basis of various incurred costs, including facility setup costs, 
facility closing costs, and shipping, inventorying, handling, and oper­
ating costs. The model is quite complex and combines several features, 
or combinations of features, that do not appear in standard facility 
location models. Among these features are nonlinear economies of 
scale in operating costs, capacity constraints, special products that are 
handled by only a limited number of facilities, and establishment of 
subsidiary stocking locations where desirable. These features are dis­
cussed in Section II. 

The generic distribution system that is considered is illustrated in 
Fig. 1. We describe this system briefly here; it is described in greater 
detail in Section II. Within the model, products are assumed to move 
from various vendors (and repair shops) to the DCs. These DCs, in 
turn, distribute these products to demand area locations. In certain 
instances, a group of demand areas can also be served by an LDC. 
Different products move according to different patterns among ven­
dors' DCs, LDCs and demand areas; these different product "types" 
are described in particular in Section 2.2. The mathematical program­
ming formulation of this problem is quite large; for example, a problem 
with 50 possible major distribution center locations, 20 subsidiary 
stocking locations, 100 demand areas, and 1 special product would 
involve 13,170 variables and 110,531 constraints. A sample problem of 
this size was solved in 115.6 CPU seconds on an Amdahl 470/V8 
computer. 

An extensive literature exists on operations research techniques for 
discrete facility location problems. A recent survey of facility location 
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Fig. 1-The advanced distribution and location model. 

work is given in Francis, McGinnis, and White.1 We will here only 
mention briefly some representative problems and papers. 

In the p-median problem, p facilities are chosen so as to minimize 
the sum of the distances from facilities to customers. A Lagrangian 
relaxation technique for a capacitated p-median problem is incorpo­
rated into the algorithm described in this paper (see Section 3.4). 
Surveys of work on p-median and related network location subjects 
can be found in Refs. 2 and 3. 

A classic model is the Uncapacitated Facility Location Problem 
(UFLP), in which there exists a trade-off between setup costs of 
facilities and the costs of shipping products to demand areas.4

-
7 Com­

plete surveys of work on UFLP can be found in Refs. 8 and 9. 
Some facility location problems can be modeled as generalize_d 

assignment problems (see Ref. 10). Here, customers with demands 
must be allocated among given facilities with limited capacity. Each 
customer must be served by only one facility. Lagrangian relaxation 
techniques for this problem are discussed in Fisherll and Ross and 
Soland.10 A related procedure is incorporated into the algorithm de­
scribed here in Section 3.2. 

The Capacitated Facility Location Problem (CFLP)-in which a 
customer's demand can be split among several facilities-is considered, 
for example, in Refs. 12, 13, and 14. Some authors have considered 
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the case in which there are concave operating costs associated with 
each facility. See, for example, Refs. 15, 16, and 17. In particular, the 
algorithm of Kelly and Khumawala,I5 which involves solving a se­
quence of linear transportation problems, is adapted here for use in 
the major optimization routine (see Section 3.3). 

A Benders decomposition approach for a multicommodity problem 
was developed by Geoffrion and Graves. IS Discussion of dynamic 
facility location can be found in ErlenkotterI9 and in a section of the 
capacity expansion survey by Luss.20 

In Section II, we provide a complete description of the material 
logistics system being modeled and the mathematical programming 
formulation of the problem. Section III describes the solution tech­
nique that was implemented. The first subsection provides a general 
overview of the various stages of the algorithm. The subsequent 
subsections describe each stage in turn. Some brief discussion of 
implementation details and some concluding remarks are then given 
in Section IV. 

II. DESCRIPTION OF THE PROBLEM 

2.1 Types of locations and facilities 

Five major types of facilities or physical locations can be identified 
in the material logistics system. Several products k = 1, ... , K move 
among these facilities and locations. 

Vendors are those locations, such as factories and manufacturing 
locations, from which products first enter the material logistics system. 
Each product k has its own set of fixed and known vendor locations 
n = 1, ... ,Nk • 

Repair shops are similar to vendors. Each product has its own set of 
fixed and known repair shop locations m = 1, ... , M k • For each 
product, some fraction of demand Pk (possibly zero) is to be satisfied 
by repaired items. 

Demand areas are geographical areas to which products are ulti­
mately destined. These demand areas j = 1, ... , J, and the amount 
~ demand Djk for each product k at each demand area j, are assumed 

- to be fixed and known. 
Distribution centers are major intermediate stocking locations. The 

DCs must be chosen from among a set of locations i = 1, ... ,I, which 
can be either "potential" or "existing." For potential locations, the 
model specifies a minimum capacity size Bt, a feasible capacity incre­
ment bt, and a maximum capacity size Bt. For existing facilities with 
fixed capacity, we assume Bt = B} and b} = o. DC i can serve demand 
areas within a radius of M miles. 

Local distribution centers are subsidiary stocking locations that 
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handle certain types of products for several nearby demand areas. 
Depending upon the product type, LDCs receive products from either 
a DC or directly from vendors and repair shops; they then ship the 
products to demand areas. LDC locations must be chosen from among 
a set of existing and potential locations I' = 1, ... , L. Potential 
facilities have minimum capacity B~, maximum capacity 1J~, and 
capacity increment b~. Existing facilities have fixed capacity B~ = 
B~ and b~ = o. An LDC I' can serve demand areas within a radius of 
o~ miles. 

Ordinarily, each DC deals only with certain demand areas that are 
"assigned" to it. The DC is (perhaps) associated with some LDCs. 
Each demand area that is assigned to a given DC obtains products 
only from that DC, and from at most one of the LDCs associated with 
it. Some products are exceptions to this rule; they are discussed in 
Section 2.2. 

2.2 Types of products 

Many different products move through this material logistics sys­
tem. For modeling purposes, each "product" may represent an aggre­
gation of several products. We distinguish four categories or types of 
products, according to how they are handled within the system. These 
types are described below and are pictured in Fig. 1. In Fig. 1, the 
three demand areas in the lower right corner are assigned to an LDC 
as well as a DC, whereas the other demand areas are assigned only to 
aDC. 

Type 1 products can be handled only by a DC. These products are 
shipped to the DC from the vendor and repair shop. (We assume that 
the particular vendor and repair shop that supply a given DC are 
chosen so as to minimize shipping cost.) From the DC, they are shipped 
to all demand areas that are assigned to that DC. 

Type 2 products can be delivered to demand areas either from a DC 
or else from an LDC. If a demand area is assigned to an LDC, the DC 
ships Type 2 products to the LDC for delivery to the demand area. 
This is indicated by the dashed lines in Fig. 1 that are labeled with 
the numeral 2. 

Type 3 products can also be delivered to demand areas either from 
a DC or else from an LDC. The LDC receives shipment of Type 3 
products directly from the vendor and repair shop. We assume that 
the LDC receives shipments from the same repair shops and vendors 
that serve the DC with which the LDC is associated. This is indicated 
by the dashed lines in Fig. 1 that are labeled with the numeral 3. 

All Type 1, Type 2 and Type 3 products are handled with the 
arrangement whereby each demand area deals with only one DC and 
at most one LDC. (If a demand area is assigned to an LDC, it obtains 
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all Type 2 and Type 3 products via that LDC.) However, Type 4 
products ("special" products) are an exception to the rule. Only a 
small number Ph of DCs are chosen to handle a given Type 4 product 
k. These DCs then serve all demand areas. This is indicated by the 
alternate short-and-Iong dashed lines in Fig. 1. 

Each product's type is given as input by the user. We let Th T2 , Ta, 
and T4 denote the sets of indices of Type 1, Type 2, Type 3, and Type 
4 products, respectively. 

Each unit of demand that is handled by a DC or an LDC occupies 
some average amount of warehouse space (measured in units of capac­
ity). The amount of space occupied depends upon, among other things, 
the size of the product, turnover time of inventory, and the type of 
facility (DC or LDC). We define the following parameters: 

s 1 = warehouse space required per unit demand at a DC if a DC ships 
product k to a demand area, 

s~ = warehouse space required per unit demand at an LDC, 
s~ = warehouse space required per unit demand at a DC if a DC ships 

product k to an LDC (relevant for Type 2 products). 

2.3 Costs 

2.3.1 Facility setup costs 

Facility setup costs are costs incurred when a facility (DC or LDC) 
is chosen to be open. The setup cost depends upon the size of the 
facility. We assume that, for DC i, opened with a capacity of x units, 
the setup cost is of the form a~ + mx, where a~ and m are given 
constants that depend upon the particular facility. For LDC 1', the 
setup cost is of the form a~ + fJ~x, wherea~ and fJ~ are given constants. 
Actual total setup costs realistically might be assumed to be amortized 
over several time periods. Since ours is a static, single-period model, 
the setup cost used in the model could be set equal to an amortized 
share of the total setup cost. 

2.3.2 Facility closing costs 

In the model, if a facility is not chosen to be open, a closing cost d 
(for DC i) or c~ (for LDC 1') is incurred. 

2.3.3 Shipping costs 

Shipping cost parameters are given in cost per mile per unit demand. 
These cost parameters for product k follow: 

tl cost of shipping from vendor/repair shop to DC/LDC, 
t~ = cost of shipping from DC to demand area, 
t~ cost of shipping from DC to LDC, 
tk the cost of shipping from LDC to demand area. 
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Obviously, for each type of product only certain of these parameters 
are applicable. (The model can also be easily modified so that shipping 
costs are measured per unit demand, independent of distance.) 

2.3.4 Inventorying or storage cost 

An inventorying or storage cost per unit demand is incurred at each 
DC and LDC. We define the following parameters: 

rJt inventorying cost per unit demand at a DC i that ships product 
k to a demand area, 

rJrv inventorying cost per unit demand at an LDC I' that ships 
product k to a demand area, 

rJ~i inventorying cost per unit demand at a DC i that ships product 
k to an LDC (relevant for Type 2 products). 

The value of rJ~i can differ from rJt because of differences in turnover 
time for inventory bound for an LDC and inventory bound directly 
for demand areas. 

2.3.5 Handling cost 

When a product is processed at a warehousing facility (either a DC 
or an LDC), there are some labor costs incurred. We define the 
following parameters: 

ht handling cost per unit demand at a DC i that ships product k 
to a demand area, 

hrv handling cost per unit demand at an LDC I' that ships product 
k to a demand area, 

h~i handling cost per unit demand at a DC i that ships product k 
to an LDC I' (relevant for Type 2 products). 

2.3.6 Operating cost 

Other operating costs at each facility are represented as a continu­
ous, nondecreasing, concave function of the space occupied in order to 
account for possible savings due to economies of scale. Let 

a} = volume of space occupied at DC i, i = 1, ... , I, and 
u~ = volume of space occupied at LDC /', I' = 1, ... , L. 

Then, we define the cost functions: 

tHuD = operating cost at DC i, i = 1, ... , I, and 
t~( u~) = operating cost at LDC 1', I' = 1, ... , L. 

Within the software implementation, we assume these cost functions 
to be piecewise linear with a nonnegative intercept at the origin. In 
typical examples, each function used between three and five piecewise 
linear segments. 
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2.4 The mathematical programming model 

2.4.1 Decision variables 

To formulate the mathematical programming model, we first specify 
the necessary decision variables. All variables take on integer values. 
They are as follows: 

{

I if DC i is open, . 
Yi = for ~ = 1, ... , I, 

o otherwise, 

{

I if LDC / is open and served by DC i, 
Zi/ = for I' = 1, ... ,L and i = 1, ... , I, 

o otherwise, 

{

I if demand area j is ~ssigned to DC i, . 
Xij = for ~ = 1, ... ,I and J = 1, ... , J, 

o otherwise, 

{

I if demand area j is assigned to LDC 1', . 
Wl'j = for / = 1, ... ,L and J = 1, ... , J, 

o otherwise, 

{

I if DC i is used to s~rve special product k, 
Vik = for ~ = 1, ... ,I and k E T4, 

o otherwise, 

{

I if demand area j re~eives special product. k from DC i, 
Uijk = for J = 1, ... ,J and ~ = 1, ... , I 

o otherwise, and k E T4, 

number of size increments 
q} = above the minimum 

opened at DC i, for i = 1, ... , I, 

number of size increments 
q~ = above the minimum 

opened at LDC I', for I' = 1, ... , L. 

2.4.2 Distance and other parameters 

Shipping cost calculations require the distances between pairs of 
locations. For notational simplicity, we refer to all such pairwise 
distances by~ the notation d with two subscripts. The subscript i refers 
to a DC i, subscript I' to an LDC 1', and subscript j to a demand area 
j. Further, the subscript n(i) refers to the vendor closest to DC i, and 
subscript m (i) refers to the repair shop closest to DC i. Thus, dn(i),i is 
the distance to DC i from its nearest vendor, dt'j is the distance from 
LDC / to demand areaj, and so forth. 
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A particular latitude/longitude point is associated with each facility 
location and each demand area and used to estimate road distances 
on an as-needed basis. The software allows users to provide distance 
data that would override the calculated distance. 

To simplify the formulation, let the space (units of capacity) re­
quired for a DC to serve demand area j (excluding Type 4 products 
and provided it is not served by an LDC) be 

S} = L SkDjk. 
kET1UT2UTa . 

(1) 

If demand areaj is served by an LDC as well as a DC, then the amount 
of space required at the LDC is 

Sy = L S~Djk' 
kET2UTa 

and the amount of space required at the DC is 

Sy = L SkDjk + L S~Djk. 
kETl kET2 

(2) 

(3) 

The space required at a DC to serve Type 4 product k E T4 for demand 
areaj is 

(4) 

Likewise, it is convenient to aggregate the shipping costs, inventory­
ing costs, and handling costs associated with assigning demand area j 
to DC i in an "assignment cost" A Ij , as follows: 

A}j = L (tkdn(i)i(l - Pk) + tkdm(i)iPk 
kET1UT2UTa 

+ t~dij + ht + 17ki)Djk . (5) 

If an LDC / is involved, the assignment cost A Tj/' is expressed as 

A Ty = L (tkdn (i)i(l - Pk) + tkdm(i)iPk + t~dij + ht + 17t)Djk 
kETl 

+ L (tkdn (i)i(l - Pk) + tkdm(i)iPk + ddi/' + ttd/'j 
kET2 

+ h~i + h~ + 17~i + 17~)Djk 

+ L (tldn (i)A1 - Pk) + tldm(i)/,Pk 
kETa 

(6) 

Finally, the cost A [jk of assigning Type 4 product k at demand area j 
to DC i is as follows: 

Atk = (tkdn(i)i(l - Pk) + tkdm(i)iPk + ddij + ht + 17t)Djk . (7) 
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In the event that demand area j cannot be assigned to a DC i or an 
LDC / because j lies outside the operating radius of the facility (i.e., 
dij > Oi or d/'j> 0/,), then the corresponding assignment costs can be 
set to an arbitrarily large number. 

2.4.3 Formulating the model 

Below, we provide the mathematical formulation for the problem. 
Then, the objective function and each of the constraints is explained 
in turn. The problem is formulated as follows: 

subject to 

I 

min L (a} + (3}(B} + b}qD)Yi 
i=1 

L I 

+ L (a~ + (3~(B~ + b~q~)) L Zi/' 
/'=1 i=1 

I J (L) + .L .L A~jXij 1 - L w/'j 
l=1 J=1 /'=1 

I J L 

+ L L L ATj/,XijW/,j 
i=1 j=1 /'=1 

I J 

+ L L L A {jkUijk 
i=1 j=1 kET4 

I 

+ L fUa~)Yi 
i=1 

L I 

+ L FA a;') L Zit' 
/'=1 i=1 

I 

L Xij = 1 for j = 1, ... , J, 
i=1 

(8a) 

(8b) 

Xij ~ Yi for i = 1,· .. ,I and j = 1, ... , J, (8c) 
L 

L W/'j ~ 1 for j = 1, ... , J, (8d) 
/'=1 

W/'j ~ XijZi/' for i = 1, ... ,I and 

/ = 1, ... ,L and j = 1, ... ,J, (8e) 
I 

L Zi/' ~ 1 for / = 1, ... , L, 
i=1 
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a} = f S}Xij (1 - ~ Wt'j) + ~ f S]XijWt'j 
j=1 1'=1 1'=1 j=1 

J 

+ L L S]kUijk for i = 1, ... ,I, (Sg) 
kET4 j=1 

ur ~ Br + brqr for i = 1, ... ,I, (Sh) 

J 

u2 
-1'- L S;wt'j for I' = 1, ... , L, (Si) 

j=1 

u~ ~ B~ + b~q~ for I' = 1, ... , L, (Sj) 

Br + brqr ~ Br for i = 1, ... ,I, (Sk) 

B~ + b~q~ ~ B~ for I' = 1, ... , L, (Sl) 

L Vik ~ Pk for k E T 4, (Sm) 

Uijk ~ Vik for j = 1, ... , J, and i = 1, ... , I and k E T4, (Sn) 

L Uijk = 1 for j = 1, ... ,J and k E T 4 , (So) 
i 

Yi, Zit', Xij, Wt'j, Vik, Uijk E to, I} for i = 1, ... , I, 

j = 1, ... , J, 

I' = 1, ... , L, and 

k E T 4 , (Sp) 

qr, q~ E to, 1, ... , oo} for i = 1, ... , I and I' = 1, ... , L. (Sq) 

The first two summation terms in the objective function (Sa) rep­
resent the setup cost incurred for open DCs and LDCs. The next two 
terms represent the closing costs that are incurred if a DC or an LDC 
is not open. In the fifth term, we include the assignment costs that 
are incurred if demand areaj is assigned to DC i with no LDC involved. 
(Only in that case would Xij (1 - L~=l WI') = 1.) The sixth term, on 
the other hand, gives the assignment costs that are incurred if demand 
area j is assigned to DC i and LDC 1', and the seventh term considers 
the assignment costs for Type 4 products. The last two terms of the 
objective function represent the operating cost that is incurred at each 
open facility. 

Constraints (Sb) ensure that each demand area j is assigned to 
exactly one DC, and constraints (Sc) ensure that demand areas are 
assigned only to DCs that are open. Constraints (Sd) permit each 
demand areaj to be assigned to at most one LDC. The condition (Se) 
guarantees that such an LDC assignment is made only if the LDC is 
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open and is served by the same DC that serves the demand area j. 
Constraints (8f) ensure that each LDC is served by at most one DC. 
Constraints (8g) define a1, the space actually utilized at each DC i. 
This is obtained by adding the space required to serve demand areas 
that are assigned only to DC i, plus space required for demand areas 
assigned to both DC i and an LDC, plus space required to serve any 
Type 4 products that are assigned to DC i. In (8h), this space utilized 
is constrained to not exceed the capacity installed. Similarly, (8i) 
defines u~, the space utilized at LDC 1', and (8j) constrains u~ to not 
exceed the capacity installed at that LDC. Constraints (8k) and (81) 
ensure that the capacity installed does not exceed the maximum 
permitted capacity for DCs and LDCs, respectively. In (8m), the 
number of DCs that serve each Type 4 product k does not exceed the 
permitted number Ph. Constraints (8n) guarantee that a demand area 
receives each Type 4 product k from a DC that handles that product. 
Constraints (80) require that each demand area j be assigned to only 
one DC for a given Type 4 product. [In the event that no Type 4 
products occur in the problem, constraints (8m) through (80) do not 
appear]. Finally, conditions (8p) and (8q) enforce integer constraints 
on the variables. 

The integer program (8) is quite large. For example, for 10 possible 
DC locations, 10 possible LDC locations, 50 demand areas, and 1 Type 
4 product, there are 1640 variables and 6221 constraints. For a larger 
problem of 50 DCs, 20 LDCs, 100 demand areas, and 1 Type 4 product, 
there are 13,170 variables and 110,531 constraints. Nonlinearities 
appear in the objective function (8a) and in constraints (8e) and (8g), 
thus making it even more difficult to solve the program directly. 

III. SOLUTION APPROACH 

3.1 Overview 

Because of the difficulty of the integer programming problem, the 
proposed algorithm contains some heuristic elements. In particular, 
we propose to first treat a simpler version of the problem and then 
adjust this solution with a series of heuristics to obtain a solution to 
the overall problem. 

The elements of the problem that are judged to be most important 
are considered in the initial optimization. Other elements that are 
considered, by comparison, less important or elements that are ex­
pected to appear less often in actual case studies are treated by the 
secondary optimization. Specifically, the issues of Type 4 product 
distribution, LDC locations, and discrete facility sizing are set aside 
in the initial optimization. The initial optimization problem thereby 
becomes a type of capacitated facility location problem with concave 
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costs. After obtaining a solution to this problem, the solution is 
modified in a step-by-step fashion to incorporate, in turn, Type 4 
products, LDC locations and facility sizing. In the subsections that 
follow, we describe the various portions of the algorithm. 

Within our software implementation, there is the option to specify 
that certain variables be fixed in advance, for example, that certain 
DCs or LDCs be fixed open or closed, that certain demand area 
assignments be forced or forbidden, or that certain DCs be prevented 
from handling Type 4 products. The necessary modifications to the 
algorithm are generally straightforward, and therefore not discussed 
explicitly here. 

3.2 The preprocessor 

In Section 2.4.2 we described various DC and LDC space require­
ment parameters and assignment cost parameters. These parameters 
are computed by the algorithm in a preprocessor routine. The impor­
tance of the space requirement parameters lies in the fact that, when 
not considering Type 4 products, the original multicommodity problem 
becomes a single-commodity problem. The "commodity" in this case is 
warehouse space; the DCs have supplies of space and the demand 
areas require space. Further, the assignment costs (5) and (7) provide 
a convenient aggregation of shipping, inventorying, and handling 
costs. (Because of storage requirements, however, the assignment cost 
for assignments that use LDCs [eq. (6)] is calculated as needed.) 

3.3 The primary optimization 

In the primary optimization routine, we determine a set of DCs to 
be opened. Initially, we assume that all demand is served by DCs alone 
and that the maximum possible capacity Bi is available at all open 
facilities. We associate a cost with each possible pairing of a DC i and 
a demand area j of the form 

(9) 

This represents the assignment cost for demand area j (as discussed 
in Section 2.4.2) plus a cost corresponding to the variable setup cost 
for the warehouse space required to serve j. We also compute a "net 
fixed cost" 

(10) 

which is equal to the difference between the fixed setup cost and the 
closing cost. 

At first, we also set aside the requirement that each demand area 
be served by only one DC. After first obtaining a solution without this 
restriction, we then will adjust the solution to enforce the restriction. 
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The initial problem is then the following capacitated facility location 
problem with concave operating cost: 

subject to 

I I I J 

min L FiYi + L tHaD + L L CijXij 
i=l i=l i=l j=l 

J 

L S}Xij::::; B~Yi for i = 1, ... , I, 
j=l 

I 

(IIa) 

(lIb) 

L Xij = 1 for j = 1, ... , J, (IIc) 
i=l 

J 

a~ = L S}Xij for i = 1, ... , I, (lId) 
j=l 

° ::::; xij ::::; 1 for i = 1, ... ,I and j = 1, ... , J, (lIe) 

Yi E to, I} for i = 1, ... , 1. (IIf) 

Several algorithms for problems of this form have been pro­
posed.15-17 We have implemented the iterative algorithm due to Kelly 
and Khumawala15 that defines and solves a sequence of standard linear 
transportation problems. In these problems, the DCs are "sources" 
and demand areas are "sinks." Linear costs on arcs from sources to 
sinks are based on the values of Gij and on the values of tH aD that are 
implied by the solution at the previous iteration. Key to the algorithm 
is the provision for a "dummy sink." Incoming arcs to this dummy 
sink have negative costs based on the setup costs Fi and the operating 
cost values tHaD at the previous iteration. Intuitively, this dummy 
sink offers to "buy back" the capacity at a DC. Costs on arcs into this 
sink are chosen from iteration to iteration in such a way as to 
discourage opening very underutilized DCs and to encourage taking 
advantage of the economies-of-scale in the concave operating cost. 
Complete details are given in Ref. 15. Within our implementation, the 
linear transportation problems are solved using primal network flow­
convex,21 which is a state-of-the-art simplex network flow code. 

Upon solving problem (11), we obtain a set G of open DCs, each of 
which serves some group of demand areas. Some set U of demand 
areas will be served by more than one DC. Typically, in our compu­
tational experience the numbers of such demand areas that have their 
demand "split" in this way among DCs is small. We next seek to 
resolve these splits and obtain a solution in which each demand area 
is served by only one DC. 

Within this phase, we momentarily leave fixed those demand areas 
that are assigned to only one DC in the solution obtained to (11). The 
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demand areas j E U whose assignments have been split are considered 
to be unassigned. The fixed assignments, on the other hand, take up 
warehouse space at the open Des. The remaining available warehouse 
space at each De i is denoted Bi • 

To take the unassigned demand areas and assign them among the 
open Des, we must, if possible, (approximately) solve this problem: 

min L L CijXij 
iEG jEU 

subject to L Xij = 1 for j E U, 
iEG 

i E G, 

Xij E to, I} for j E U and i E G. 

(12a) 

(12b) 

(12c) 

(12d) 

This is of the form of a generalized assignment problem.lO
,ll As 

described below, we first attempt to solve this using Lagrangian 
relaxation (see Ref. 11) and branch-and-bound techniques. Later, we 
add additional Des to the set G in the event that (12) is infeasible. 

If we associate nonnegative Lagrange multipliers Ai, i E G with 
constraints (12c) and incorporate these constraints into the objective 
(12a), we obtain the relaxed problem: 

min L L CijXij + L Ai (L S}Xij - Bi) (13a) 
iEG jEU iEG jEU 

subject to 

L xij = 1 for j E U, (13b) 
iEG 

Xij E to, I} for i E G and j E U. (13c) 

The relaxed problem can be solved by inspection. For each j, let index 
e be chosen so that 

Cej + AeS} = min{Cij + AiSJ}. 
iEG 

(14) 

(Ties can be broken arbitrarily.) Then, for each demand areaj, 

{

I if i = e 
Xij = for i E G. ° otherwise 

(15) 

This is incorporated into an iterative scheme where the Ai are increased 
from iteration to iteration if the solution obtained violates constraints 
(12c). This update is of the form 
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where "~" indicates "is replaced by" and T is a positive scalar. A 
formula for T is 

'YZ 
(17) 

T = {I { }2}1/2 , 
.L .L S}Xij - Bi 
,=1 J=U 

where 'Y is a positive scalar (in our implementation, 'Y = 0.25 has been 
used successfully) and Z is an estimate of the difference between the 
optimal objective function value (12a) in the original problem and the 
current value (13a) in the relaxed problem. Within our implementa­
tion, we obtain an estimate of the magnitude of (12a) based on 
arbitrarily assigning each j E U to one of the DCs to which it has a 
split assignment. The value of Z is then chosen to be 10 percent of 
this estimate of (12a). 

Similar updating rules appear in Held, Wolfe, and Crowder.22 Sim­
ilar relaxation techniques for generalized assignment problems are 
discussed in Fisher.11 

If the Lagrangian relaxation problem (13) does not yield a feasible 
solution to (12) within a reasonable number of iterations (40 iterations 
have been used successfully in our implementation), then a branch­
and-bound technique for (12) is initiated. A description of branch­
and-bound algorithms for integer programming problems can be found, 
for example, in Ref. 23. We outline below the major features of the 
algorithm that we have implemented. 

At each node of the branch-and-bound tree, assignments for some 
of the demand areas j E U are assumed fixed. At each node, a 
Lagrangian relaxation problem, similar to (13), is solved for the 
unfixed demand areas. A lower bound on the optimal objective function 
value (12a), given the fixed assignments at the node, is obtained by 
evaluating the relaxed objective function (13a) at solution (15). Like­
wise, another lower bound at the node can also be calculated by 
assuming that each unfixed demand area is assigned to the least costly 
DC. The branch-and-bound routine uses the maximum of the two 
lower bounds. If a feasible solution is found by Lagrangian relaxation, 
it is an upper bound. A very simple branching rule is used in which 
variables are chosen for branching in order of increasing j. Nodes are 
chosen for branching by the least lower bound value among most 
recently created unfathomed nodes. If the lower bound at a given node 
is within, say, 10 percent of a current upper bound, then no further 
branching is done from that node. 

If problem (12) is not feasible, an additional facility is chosen to be 
in the open set and then problem (13) is resolved with the DCs in the 
larger set G fixed open and all other DCs fixed closed. This additional 
new facility is chosen according to a rule that estimates the change in 
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assignment cost that would result from its opening. That is, for each 
DC i f£. G, compute 

Oi = L min{max(Ckj - Cij, O)}. (18) 
NU kEG 

Each term in this summation gives, for a demand area j, the minimum 
savings in assignment cost that would result if DC i were available. 
The DC with maximum Oi value is chosen to be open and is thus 
added to G. (This rule is similar to the "largest omega" rule proposed 
by Khumawala6 as a branching rule in a branch-and-bound algorithm 
for plant location problems.) The Kelly and Khumawala algorithm for 
problem (11) is then repeated with facilities i E G open and all others 
forced to be closed. 

In Fig. 2, we provide a flowchart of the primary optimization routine. 
This figure summarizes the procedures described in this subsection. 

3.4 Assigning Type 4 products 

As explained in Section 2.2, for each Type 4 product k, only a limited 
number Pk of DC facilities are chosen to handle it. These facilities can 
be different for each k. We assume that Type 4 products occupy, at 
most, only a small percentage (perhaps 10 percent or less) of the 
warehouse space required. 

Given the demand area assignments determined by the primary 
optimization algorithm, each open DC i E G only has some amount 
Bi of warehouse space still available. If demand area j is assigned to 
DC i for Type 4 product k, we associate cost 

Ctk = A tk + {3}Sfk, (19) 

which represents the assignment cost plus a share of the variable 
setup cost. 

Given the set G, the problem of choosing Pk locations to serve 
product k can be formulated as the following capacitated p-median 
problem: 

subject to 

J 

min L L CtkUijk 
iEG j=l 

L Uijk = 1 for j = 1, ... , J, 
iEG 

(20a) 

(20b) 

(20c) 

Uijk ~ Vik for j = 1, ... ,J and i E G, (20d) 

(20e) 
j=l 
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SOLVE CONCAVE-COST, CAPACITATED 
FACILITY LOCATION PROBLEM (11) 

SET G ~ SET OF OPEN FACI LlTIES 
SET U ~ SET OF DEMAND AREAS 

WITH SPLIT ASSIGNMENTS 

YES 

APPLY LAGRANGIAN RELAXATION 
TECHNIQUE TO GENERALIZED 

ASSIGNMENT PROBLEM (12) 

YES 

APPLY BRANCH-AND-BOUND 
TECHNIQUE FOR (12) 

YES 

OPEN NEW FACI LlTY ACCORDING 
TO LARGEST Q RULE. ADD 

NEW FACILITY TO SET G 

FORCE FACILITIES IN G TO 
BE OPEN, ALL OTHERS CLOSED 

Fig. 2-The primary optimization routine. 

Uijk, Vik E to, I} for j = 1, ... ,J and i E G. (20f) 

Without constraints (20e), this is the well-known p-median prob­
lem.3

,24,25 The additional constraints (20e) are capacity constraints 
that take into account the amount of warehouse space that is actually 
available to serve product k. Problem (20) is solved for each Type 4 
product in turn. If there is more than one Type 4 product, the available 
capacities Bi are updated each time (20) is solved. 

To solve problem (20), we apply a Lagrangian relaxation technique. 
Nonnegative Lagrange multipliers /li are associated with constraints 
(20e) and unrestricted multipliers Aj with constraints (20c). These 
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constraints are incorporated into the objective function to produce the 
relaxed problem: 

min L f CtkUijk + f Aj (L Uijk - 1) 
iEG j=l j=l iEG 

subject to 

(21b) 

Uijk :s; Vik for j = 1, ... ,J and i E G, (2Ic) 

Uijk, Vik E to, I} for j = 1, ... ,J and i E G. (2Id) 

The relaxed problem can be solved by inspection. For each De i, 
compute 

J 

Ri = L min( Ctk + Aj + /liSjk, 0). 
j=l 

(22) 

This represents the contribution to the objective function (21a) that 
is possible if Vik = 1. For given Aj and /li, it is optimal in (21) to choose 
those Des corresponding to the Pk smallest values of R. (If Vik = 1, 
then it is optimal to choose Uijk = 1 only if Ctk + Aj + /liSj:s; 0.) 

If these optimal values of Uijk satisfy constraints (20e) and (20c), 
then we obtain a solution to the original problem (20). If not, then the 
values of Aj and /li are modified for the next iteration. If LiEG Uijk > 1, 
then Aj is increased, whereas if LiEG Uijk < 1, Aj is decreased. Likewise, 
if Lf=l SjkUijk > Bi , then /li is increased. To avoid oscillations, we do 

J 4 -not allow values of /li to decrease. Thus, if Lj=l SjkUijk :s; Bi , the 
constraint is satisfied and /li is held fixed. Procedures for updating 
these multipliers are analogous to those described in Section 3.3. 

If a feasible solution is not found within a reasonable number of 
iterations (again, 40 has been used successfully), then a solution is 
generated based on the last set Gk of Ri values. The Des corresponding 
to the Pk smallest Ri values are chosen to serve product k (i.e., for 
these Des set Vik = 1). For each demand area j, we find index e such 
that 

(23) 

where the /li are also taken from the last iteration. Then, for each j, 
set 
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{

I if i = e 
Uijk = for i E G. 

o otherwise 
(24) 

No immediate modification of this solution is made, even in the event 
that this solution violates capacity constraints (20e). The solution will 
be adjusted to feasibility later in the facility sizing routine (see Section 
3.5). In the meantime, the amount of violation is small, since Type 4 
products are assumed to constitute only a small portion of the demand. 

The description of the algorithm above can be modified in a straight­
forward way so that the special DCs are restricted to be chosen from 
among a predetermined list of DCs for each special product. If none 
of the facilities from the predetermined list were to appear in the 
solution obtained in the primary optimization routine, then the model 
would serve demand areas directly from the Type 4 product vendors. 
This possibility could be completely avoided by fixing one or more of 
the facilities on the list to be open a priori. 

3.5 LDC locations 

After a set of open DCs and demand area assignments are chosen, 
both for Type 4 products (Section 3.3) and other products (Section 
3.2), we attempt to introduce LDCs into the solution. First, we deter­
mine a tentative set of open LDC locations and accompanying demand 
area assignments. With LDCs in place, utilized capacity in some DCs 
may now be decreased, thus allowing additional demand areas to be 
assigned. We then check if any "small" DCs can now be closed 
advantageously and their demand areas reassigned. 

3.5.1 Determining tentative LDC assignments 

In this routine, we first order the DCs in terms of decreasing 
throughput (i.e., amount of warehouse space occupied). For each DC 
in order, we perform an "LDC assignment procedure" to determine 
the set of LDCs that should be associated with the DC. We consider 
the larger DCs first, since they are more likely to serve a larger 
geographic region and, hence, more likely to benefit from the presence 
of subsidiary LDC locations. The following is the LDC assignment 
procedure for DC i: 

Step 1. Let Qi denote the set of demand areas j that are assigned to 
DC i. Let E denote the set of possible LDC locations that have not 
already been assigned to another DC. For each j E Qi, determine the 
LDC e E E that satisfies 

A~e = min A~I'. (25) 
I'EE 

For each such j E Qi, in turn, make a tentative assignment of j to e if 

1724 TECHNICAL JOURNAL, SEPTEMBER 1985 



A ~e < A b, unless the assignment would result in the violation of 
capacity bound In. If assigning j to a particular LDC e would violate 
the capacity bound, check other demand areas that are already as­
signed to e; if a feasible solution with lower total cost can be obtained 
by removing another demand area from LDC e and replacing it with 
demand area j, then do so. Let PI' denote the set of demand areas j 
tentatively assigned to LDC / at the end of step 1. 

Step 2. Consider those LDC locations to which demand areas j E Qi 
have been tentatively assigned at the end of step 1. Sort these LDCs 
in order of increasing throughput. Thus, underutilized LDCs, which 
are less likely to be cost-effective, are considered first. 

Step 3. Consider each LDC I' on the list in order. If the throughput 
due to tentative assignments is greater than some threshold amount 
(say, some fraction of the minimum capacity B~), leave its assignments 
unchanged. Otherwise, remove the LDC from the list, cancel the 
tentative demand area assignments to LDC I', and attempt to reassign 
the demand areas j E PI', if possible, to other LDCs. (That is, find 
another LDC e such that 

A~e = min A~I'. 
I'EE 
I'>"e 

If A ~e < A b, tentatively assign j to e.) 

(26) 

Step 4. Resort LDCs remaining on the list in order of increasing 
throughput. 

Step 5. For each LDC I' remaining on the list, estimate the total 
cost for serving demand areas j E PI' using DC i and LDC I'. This 
estimate includes the assignment costs LjEP" A~I' plus the fixed setup 
cost a~, plus variable setup costs {1~ LjEP" SJ, plus the concave oper­
ating cost f~ (LjEP" SJ), and minus the closing cost c~. Compare this 
with an estimate of the cost for serving demand areas j E PI' using 
DC i alone. This estimate includes the assignment costs LjEP"Ab, plus 
variable setup costs {1~ LjEP" Sf, plus the difference in the concave 
operating cost function due to the additional throughput. If the cost 
using the LDC is less, then open LDC / and make the tentative 
assignments permanent. If not, then attempt to tentatively reassign 
the demand areas j E PI' to other LDCs still on the list. D 

Obviously, more sophisticated procedures can be designed to decide 
assignments for LDCs. However, since it is expected that demand 
areas will only be assigned to LDCs that are relatively proximate, the 
potential number of economically attractive assignments is limited. 
Thus, more sophisticated procedures have not been found necessary. 

After completing this procedure for each DC i that is open, we have 
a tentative set of open LDCs and LDC assignments. 
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3.5.2 Closing small DCs 

We allow DCs with relatively small throughput to be closed and 
their demand areas reassigned. We first sort open DCs in a list in 
order of increasing throughput. In this way, the smaller DCs that are 
more likely to close will be considered first. For each DC i on the list, 
we then execute a "DC closing procedure," which follows. 

Step 1. If the throughput of DC i exceeds some minimum threshold 
(say, half the minimum capacity BD, then leave it as is; go on to the 
next DC. If not, continue with step 2. 

Step 2. For each j E Qi, attempt to tentatively reassign the demand 
area to another DC. This reassignment should be to a DC that is 
feasible; that is, the DC should have sufficient spare capacity to handle 
the demand area, and the demand area should be within the radius of 
operation for the DC. If there is more than one such feasible DC, 
choose the one that minimizes the assignment cost for j. If, for some 
j E Qi, no feasible reassignment is possible, then cancel all tentative 
reassignments, keep DC i open, and go on to the next DC. Otherwise, 
continue with step 3. 

Step 3. Compare the additional assignment cost, operating cost and 
facility closing cost brought on by reassigning demand areas j E Qi. 
Compare this with the savings in setup cost for DC i. If it is advanta­
geous to close DC i, make the tentative reassignments permanent. 
Otherwise, cancel all tentative reassignments and go on to the next 
DC. D 

At this point, the set of open DCs and LDCs is determined. There 
remains only the question of sizing these open facilities, which we 
address in the next subsection. 

3.6 Facility sizing 

The model must determine the number qI of increments installed 
such that BI + MqI ~ EI. At this point, there is a tentative set of 
demand area assignments that require amount a} [see (8g)] of ware­
house space at each DC i. The simplest sizing routine would be to 
choose q~ to be the smallest integer such that a} ~ B I + Mq~. There are 
two reasons why we might want to modify this approach: 

1. DC i is overcapacitated by an amount Wi (perhaps because of 
assignments that were made for Type 4 products). 

2. By moving some demand areas to other DCs, we can perhaps 
install one less increment of space, thereby saving variable set-up cost 
/3IbI. Suppose that if we reduced the requirements for warehouse space 
at DC i by Wi units, we could install one less increment of space; call 
this value Wi the "excess" space requirement. 
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The facility sizing routine attempts to adjust demand area assign­
ments in order to allow certain facilities to be installed at a smaller 
capacity. It begins by ordering the DCs in a list. First, any overcapaci­
tated DCs are entered in the list. Next, other DCs are entered in the 
list in order of increasing Wi. For each DC on this list, in order, we 
then perform the following "DC sizing routine." 

Step 1. For each demand area j E Qi find its next best "feasible" DC 
assignment and compute the associated assignment cost differential. 
(By feasible we mean that assigning the demand area to the DC would 
not cause certain capacity limits to be exceeded. If DC i, the facility 
being sized, is overcapacitated, we take this limit to be the maximum 
capacity of the other DC; otherwise, we take it to be the capacity size 
required to serve the current assignments to the other DC. Assign an 
arbitrarily large cost differential if no other feasible assignment is 
possible.) At this point, consider only reassignments to a DC alone. 
The use of LDCs will be considered in step 5 below. 

Step 2. Sort demand areas j E Qi in order of increasing cost 
differential. 

Step 3. Tentatively reassign a sufficient number of demand areas 
from the top of the list so as to decrease the throughput at DC i by an 
amount greater than or equal to the excess Wi. 

Step 4. If DC i is overcapacitated, make permanent the reassign­
ments found in step 3. If not, check the cost differentials for the 
reassignments. If the sum of the cost differentials for the reassigned 
demand areas is greater than the savings mb ~ in variable setup cost, 
then cancel the reassignments. Otherwise, make the reassignments 
permanent. 

Step 5. If demand area reassignments were made permanent in step 
4, then consider the possible use of LDCs for each such demand area. 
In particular, if demand area j were permanently reassigned to a 
DC i', examine those LDCs I" that are now associated with DC i' (i.e., 
Zi''!= 1). Determine if total costs can be reduced by assigning demand 
area j to one of these LDCs. If so, assign j to the LDC that results in 
the minimum total cost. D 

After this procedure is completed, the values of q~ (number of space 
increments for DCs) and q; (number of space increments for LDCs) 
are chosen to be the smallest integers that provide sufficient ware­
housing space to handle the assigned demand areas. 

IV. IMPLEMENTATION DETAILS AND CONCLUDING REMARKS 

To provide an effective tool for decision makers, our model was 
designed to be flexible and efficient. Flexibility in the implementation 
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allows the user to analyze many different real situations using the 
same "generic" model. Further flexibility comes from an implementa­
tion that permits some variables to be fixed a priori, thus allowing the 
user to impose various "nonquantifiable" conditions on the model. For 
example, various DCs or LDCs can be fixed open or closed. Certain 
DCs can be forbidden from handling Type 4 products; certain demand 
areas can be assigned a priori to a given DC or LDC. These conditions 
can be imposed to reflect some physical constraint or corporate policy. 
Such conditions can also be imposed after studying a previous solution 
obtained from the model. In this way, the model is "forced" to consider 
alternate solutions of interest to the user. The user may also wish to 
perform a sensitivity analysis in which the model is run several times 
with variations in one or more cost parameters. 

Efficiency of the algorithm is essential so that multiple runs as 
described above can be accomplished in a short time frame without 
excessive computation. The current implementation allows for a max­
imum of 10 different products, 50 possible DC locations, 40 possible 
LDC locations, and 200 demand areas. Some average run times for a 
variety of problems that have been encountered in practice are given 
in Table I. (Problem I, in particular, was the basis for a nationwide 
distribution planning study.) These times were obtained on an Amdahl 
470jV8 operating under MVS; the code was compiled using the FOR­
TRAN 77 compiler. All times are within an acceptable range for 
performing multiple runs in an economic study. Note that, as is typical 
in combinatorial optimization problems, run times can vary among 
different problems of the same size. For example, problem H is smaller 
than problem E, but took over twice the CPU time (262.2 seconds 
versus 115.6 seconds). (This variation is due primarily to the difference 
in the number of iterations required by the Kelly and Khumawala 
algorithm, which is used within the primary optimization procedure 
described in Section 3.3.) 

The many cost components considered (including nonlinear oper­
ating costs), the ability to incorporate such features as different 

Table I-Average execution times 

Number of Number of 
Number of Demand Number of Number of Special CPU 
Problem Areas DCs LDCs Products Seconds 

A 30 8 10 1 4.6 
B 54 8 25 0 11.1 
C 149 8 25 1 16.7 
D 54 48 25 0 61.2 
E 100 50 20 1 115.6 
F 100 48 25 0 126.6 
G 149 48 25 0 170.1 
H 100 50 0 0 262.2 
I 158 50 0 0 603.7 
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product types and capacity bounds and subsidiary warehouses, the 
flexibility offered by the ability to fix variables a priori, and the 
efficiency in run times make this model a unique and useful tool. It 
should provide genuine insight when used to study existing or proposed 
material logistics systems. 
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We consider a queueing problem involving multiple priority classes where 
the station is divided into waiting and service areas. The service area has a 
finite number of positions where a customer of a particular class has access to 
only a subset of these positions. The admission into the service area is 
controlled by a mechanism that allows customers within a priority class to 
enter the service area on a first-come first-served basis. The customers of 
different classes are assumed to be indistinguishable once they have entered 
the service area. We consider service under three different disciplines: last­
come first-served preemptive resume, multiple server, and processor sharing. 
We show that the waiting time of a customer is related to that of a customer 
in an equivalent M/G/1 queue. We characterize the Laplace-Stieltjes trans­
form of the time spent in the service area. We also discuss three potential 
applications in the area of computer and communication systems. 

I. INTRODUCTION 

This paper is concerned with investigating a queueing system in 
which customers from n different job classes representing various 
priority levels receive service in a service area with a finite capacity of 
m. The capacity, m, of the service area refers to the maximum number 
of customers that can be present in the service area at any time. We 
describe an admission scheme that allows preferential access to the 
service area by the higher-priority customers. This scheme may give 
rise to a smaller waiting time before entry into the service area for the 
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higher-priority customers. The customer classes are assumed to be 
indistinguishable after they have gained access to the service area. 
The performance measures that we characterize are the distributions 
of waiting time and the mean time spent in the service area. This 
work has potential applications in the design of multiprogramming 
levels for computer systems and the design of window levels for 
communication systems. 

More formally, let n independent classes of customers arrive at a 
queueing station, each according to a Poisson process. Let the mean 
arrival rate of class i be Ai. The classes are arranged according to 
decreasing order of priority, that is, class 1 has the highest priority 
and class n has the lowest priority. The queueing station is divided 
into n waiting areas (one for each class) and a service area. The service 
area can hold at most m customers simultaneously. Service is provided 
at a state-dependent rate of J.Li whenever there are i customers present 
in the service area. We consider three service disciplines within the 
service area: Last-Come First-Served Preemptive Resume (LCFS-PR), 
m Server (MS), and Processor Sharing (PS). The admission into the 
service area is controlled by means of a gate that allows customers 
from the waiting areas to enter the service area on the basis of the 
contents of the service area. The admission policy gives preferential 
treatment to higher-priority customers in gaining access to the service 
area. In particular, the admission policy is governed by two rules: 

1. When a customer of class i is admitted to the service area, the 
waiting areas of classes 1, ... , i-I must be empty. 

2. When a class i customer enters the service area, the number of 
customers in the service area (excluding itself) must be less than hi. 
The sequence (hi, i = 0, ... , n + I} is a set of strictly decreasing, 
nonnegative integers with ko = 00, hI = m, and hn+1 = o. 
This admission scheme reserves some slots in the service area for the 
exclusive use of the high-priority customers. In the case of the MS 
model, this means that at times the low-priority customers will not be 
allowed to enter the service area although some servers are idle. 
Obviously this is not the most efficient way of utilizing the servers' 
capacity. However, when the designer's overriding concern is to reduce 
the delays suffered by the high-priority customers, it is useful to 
reserve certain slots exclusively for the high-priority customers. The 
queueing station is shown schematically in Fig. 1. 

In this paper, we show that this problem has an interesting structure, 
which can be exploited to characterize (1) the waiting-time distribu­
tion, by class, and (2) the mean time spent in the service area, by 
class. For the special case of the PS discipline, we show how to obtain 
this mean when n equals two. Since writing this paper, it has been 
brought to our attention that Schaack and Larson l have independently 
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studied the special case of the MS discipline and reported the same 
results as we do here. 

This paper is organized into four sections. In Section I, we discuss 
some potential applications for this model. In Section II, we derive 
the waiting-time distribution, by class. We characterize the mean time 
spent in the service area, by class, in Section III. Section IV summa­
rizes our conclusions. 

II. POTENTIAL APPLICATIONS 

We discuss three potential applications in this section. In the first, 
we propose this scheme for sharing of multiprogramming threads by 
several job classes in a computer system. Our second and third exam­
ples propose this admission scheme for sharing a window size by 
several job classes at the link level and the application level, respec­
tively, in a communication system. 

Avi-Itzhak and Heyman2 had first proposed that a state-dependent 
server be used to approximate the CPU and disk subsystem of a 
computer. We depict a multiple CPU and disk subsystem in Fig. 2, 
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Fig. 2-A computer with shared multiprogramming threads. 

which is approximated by a state-dependent server in our model. The 
service rate Ili of our model is obtained by solving for the throughput 
in the closed queueing network of Fig. 2 with a population size of i. It 
is assumed in our model that the service requirements in terms of 
CPU and I/O times are approximately the same for all classes of 
customers. Also, the service discipline for the state-dependent server 
that is most appropriate for this application is PS. The closed queueing 
network of Fig. 2 can be solved by mean-value analysis described by 
Reiser and Lavenberg.3 The circumstances under which a single state­
dependent server is a good approximation of the CPU and I/O subsys­
tem was investigated by Fredericks.4 This approximation is usually 
good when each customer makes many trips to the I/O devices and 
when the CPU and I/O times required by a customer are not too 
unbalanced. In our model, m is the multiprogramming level of the 
computer, usually determined by considerations such as available 
memory and the extent to which the jobs require concurrent access of 
the same databases. Given m, our model can be used to determine a 
way to allocate available multiprogramming threads to the various job 
classes so that some requirements on mean response time can be met. 

A second application would be in the modeling of a link layer 
protocol such as high -level data link control. Assume that a provider 
of packet-switching service offers n grades of service, each with its 
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own response-time requirement. The different grades of service may 
be provided by appropriately sharing a link-level window size of m 
among the packets of n service grades. The admission scheme proposed 
in the Introduction is one means of offering different levels of service 
to customers. In this application, the queueing station represents a 
node in the network where the customers in the service area correspond 
to the jobs ready for transmission. Service provided to a customer 
constitutes its transmission to an adjacent node and the return of the 
acknowledgment. Since data links are often characterized by relatively 
low utilizations, the value of Jli may be approximately proportional to 
i, at least for small values of i. The constant of proportionality may 
be taken as the mean round-trip time to receive an acknowledgment 
on a link that has no traffic. This linearity would imply that there is 
hardly any wait for transmission to commence once a packet has 
entered the service area. For larger values of i, some saturation of Jli 

will take place as the presence of a large number of packets in the 
service area starts to choke the capacity of the link. The limiting vahle 
of Jli may be chosen as the rate at which acknowledgments can be 
returned in a fully utilized link. We show the closed queueing network 
used for calculating Jli in Fig. 3. This is an approximation along the 
lines of one proposed by Schwartz.5 

The third potential application is from the point of view of a user 
of a data network. This potential application is similar in spirit to the 
previous one except that we are concerned with the high-level protocol 
of host-to-host traffic using a data network. The network itself is 
approximated by a state-dependent server. The closed queueing net­
work used for calculating Jli is shown in Fig. 4. This approximation 
was proposed by Reiser.6

,7 The user of the network must allocate a 
window size of m to n different types of traffic. The admission scheme 
described earlier may enable the user to determine a way to share the 
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Fig. 3-Link layer protocol. 
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Fig. 4-High-level protocol. 

window size among the types of traffic to meet certain response-time 
criteria. 

III. THE WAITING-TIME DISTRIBUTION 

In this section, we will characterize the waiting-time distributions 
without assuming anything about the service discipline. The key result 
of this section is that, given that a customer of class l is required to 
wait, its waiting-time distribution is related to that of a suitable 
MIGl1 queue. 

The state of the system is completely specified by an n-tuple (JI, 
J 2, ••• ,Ji, ... ,In ), where Ji(i = 2, ... , n) represents the number of 
customers of class i waiting and J 1 represents the number of customers 
of class 1 waiting plus the number of customers present in the service 
area. With this description of the state space, one can, in principle, 
write down a system of equations for the steady-state probability 
vector P(j) = P( J 1 = j!, J2 = j2, •.. ,In = jn). In particular, for l = 0, 
... , n-1 

n I 

(A + JLjl)P(j) = L AkP(j - ek)o(jk) + L AkP(j - edo(jd 
k=l+l k=l 

where 

n 

A = L Ak, 
k=l 

o(x) = 1 if x> 0 and 0 otherwise, and ek is an n-tuple with a 1 in the 
kth position and ° elsewhere. For jl ~ m, JLjl is to equal to JLm(=JL), 
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since for ji ;::: m, the number of customers in the service area is m. The 
solution of this equation is not easy; however, it is possible to solve it 
for the case where n = 2. Since the solution of this equation does not 
concern us at present, we show how to calculate this for n = 2 in 
Appendix A. 

We will now concentrate our attention on the stochastic process 
defined by the random variable J I • Let Iud be the steady-state mar­
ginal probability distribution of J I • Since arrivals are Poisson, a 
customer of class l is required to wait outside with probability 
2:.J=kl Uj. Clearly, the waiting time is 0 whenever an arrival finds that 
J I < ki• Let us now start observing the system when J I changes its 
value from ki - 1 to k i • Let to denote this instant. At to, a customer of 
type j, withj :5 l, arrives to find exactly ki - 1 customers in the service 
area and is immediately admitted for service. Let tf denote the first 
instant after to when J I moves from ki to ki - 1 with no type l customers 
waiting outside. During the open interval (to, tf), several type l cus­
tomers may get admitted to the service area. If n(n ;::: 0) type l 
customers are admitted to the service area during the open interval 
(to, tf), let t l , t2, ... , tn denote instants when these admissions took 
place (refer to Fig. 5). Note that at the instants t l , t2, ... , tn, a 
departure occurs from the state J I = ki and there is at least one type l 
customer waiting outside. Also, at these instants there cannot be any 
higher-priority customers in the waiting area. Now let us focus our 
attention on the intervals (to, tr), (tI, t2), ... , (tn-I, tn) and (tn, tf ). [In 
case n equals 0, we need consider just one interval (to, tf ).] The lengths 
of these intervals are governed by the customers inside the service 
area, which by assumption are indistinguishable, and by arrivals of 

k,_2 -----------------------------

k,_l --------------

k,_l-l ••• 

k, 

k,-l ••• 

Fig. 5-A typical sample function of the process J1• (The notches at tl and t2 represent 
the event that a departure occurred from the state J 1 = hi and a waiting type l customer 
was immediately admitted to the service area.) 
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customers of priority higher than that of type l customers (i.e., the 
types of these customers are less than l) that are Poisson. Also, since 
the service requirements are memoryless and since the end points of 
these intervals are marked by identical states so far as customers of 
priority higher than that of type l customers are concerned, the lengths 
of these intervals are independent and identically distributed (i.i.d.) 
random variables. Let H t denote the generic random variable corre­
sponding to these lengths and let Ht(s) denote the Laplace-Stieltjes 
Transform (LST) of its distribution function. 

Now a type l customer is required to wait if it arrives during an open 
interval similar to the interval (to, tf) described in the previous para­
graph. Since the interadmission times for type l customers during such 
an interval are i.i.d. random variables with LST of distribution func­
tion Ht(s), it follows that the waiting-time distribution of a type l 
customer, given that it is required to wait, is identical to that of a 
customer in an M/G/1 queue [with arrival rate At and LST of service­
time distribution Ht(s)], which arrives to find the server busy. Let 
Wt(s) denote the LST of the waiting-time distribution of a type l 
customer given that it is required to wait. Then, from page 223 of Ref. 
8, we have 

Wt(s) = (1 - Ht(s))(1 - Pt) 
(s - At + AtHt(s))E(Ht) , 

(2) 

where 
Pt = AtE(Ht) 

and 
l = 2, ... , n. 

The LST of the unconditional waiting-time distribution for a customer 
of type l is given by 

k/-I 

L Uj + Wt(s) L Uj. (3) 
j=O j=k/ 

The waiting-time distribution of a class 1 customer is easier to 
characterize. Given that a class 1 customer has to wait, its waiting 
time is the same as the sojourn time in an M/M/1 queue where the 
server is working at a rate of /lm(=/l, say). So, 

/l - Al 
WI(s) = A ' 

/l - 1 + s 
(4) 

and the unconditional waiting-time distribution is given by 
kel 

L Uj + Wd s ) L Uj. (5) 
j=o j=k1 

1738 TECHNICAL JOURNAL, SEPTEMBER 1985 



In the remainder of this section, we will show how to calculate Uj 

and HI(s), Let us define a random variable BI to be the elapsed time 
from the instant J 1 changes from hi - 1 to hi until the next instant 
when the value of J 1 drops from hi to hi - 1 and J I = 0. In other words, 
BI is the length of an interval similar to (to, tf) discussed earlier. From 
the preceding discussion it should be clear that BI constitutes a busy 
period of an M/G/1 queue with arrival rate Al and the LST of service­
time distribution HI(s), Let BI(s) be the LST of the distribution of B I. 
Then BI(s) and HI(s) are related by (see page 212 of Ref. 8) 

BI(s) = HI[s + Al - AIBI(s )]. (6) 

Since Bl (s) represents the busy period of an M/M/1 queue, 

B, (8) = I' + Al + 8 - [(I' ;A~' + 8)2 - 4JlA,]'/2 (7) 

from page 215 of Ref. 8. 
N ext, we define the random variable Cj to denote the first passage 

time from the state J 1 = j to J 1 = j - 1, where hi-I> j > hi. Let Cj(s) 
be the LST of the distribution of Cj • It should be clear that the waiting 
customers of class l, "', n play no role in determining this first 
passage time. Further, J 1 = j implies that J 2 = J 3 = ... = J I- 1 = 0. 
From these observations, now it is possible to write down the following 
equations for Cj (s): 

Cj(s) = ( 1 ) (AICj+ds)Cj(s) + Ilj) 
Al + Ilj + s 

and 

for j = hi + 1, ... , hl- 1 - 2; 

Ckl_cds) = ( 1 ) (AIBI-ds )Ckl_cds) + Ilkl_cd ; 
Al + Ilkl_c1 + s 

HI(s) = (A 1 ) (AICkjl-ds)HI(s) + Ilk); 
I + Ilkl + s 

1-1 

Al = L Ak for l = 2, ... , n. 
k=1 

(8) 

Thus, eq. (8) defines a recursive technique for obtaining HI(s) from 
BI-ds) via the functions Cj(s) for hi-I> j > hi. By using eq. (6), one 
can obtain BI(s) from HI(s); and eq. (7) provides the value of Bds), 
the boundary for eq. (8) when l = 2. 

Finally, we show how to characterize Uj for j = 0, ... , which is the 
steady-state marginal distribution of J 1 • To do this, we define n Semi-
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Fig. 6-Sample function of the lth SMP derived from the sample function of J 1 
shown in Fig. 5. 

Markov Processes (SMP), where the lth SMP has states kl' ... ,kl- I, 

where I = 2, ... , n + 1. The state of the lth SMP is the realization of 
the random variable J 1 with two differences. When J 1 > kl- I, we will 
assume that the state of the SMP is kl- l • Further, we will simply 
ignore the times when J 1 < kl • A typical sample function of the 
lth SMP shown in Fig. 6 may help illustrate the structure of these 
SMPs. The transition probability for the SMP from state j to j + 1 is 
At/(AI + J,lj) and j to j - 1 is J,ljl(AI + J,lj), where kl < j < kl- l . The 
holding time in state j (kl < j < kl-d is exponential with rate Al + J,lj. 
For state kt- 1 , the holding time is BI and this state makes a transition 
into state kl- l - 1 with probability 1. State kl makes a transition into 
kl + 1 with probability 1, and the holding time is exponential with rate 
AI. In the description of the SMP, only one statement needs clarifi­
cation, that is, the holding time in state kl • Since we are ignoring all 
times when J 1 < kt, this is equivalent to ignoring the transition of J 1 

from kl to ki - 1. The result follows from observing that the transition 
from kl to kl + 1 occurs at an exponential rate of AI. It is relatively 
easy to solve these n SMPs using methods described in Ross.9 Let 7rjl 
be the steady-state probability of state j in the lth SMP (I = 2, ... , 
n + 1; j = kl' ... , kl-l). Then it should be clear that 

P(J1 =jIJ1 ::: kl ) = Uj/~ Ui = 7rjl 
i=k/ 

for j = kl' ... , kl- 1 - 1 (9) 

and 

It is easy to use (9) to calculate Uj (j = 0, ... , m - 1) recursively, 
starting with the solution of the (n + l)st SMP and working backwards 
through to the second SMP. For j ::: m, the server always works at a 
rate of J,lm(=J,l), and the random variable J 1 behaves like the number 
in the system for an M/M/1 queue. Thus, we have 
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for j ~ m. We note at this point that the probability that the system 
is idle is given by Uo. 

IV. THE TIME SPENT IN THE SERVICE AREA 

In this section, we describe methods of obtaining the mean time 
spent in the service area by class for the LCFS-PR and MS disciplines. 
For the PS discipline, we describe a method for characterizing the 
means when n = 2. 

4.1 The LCFS-PR discipline 

In this discipline, we will assume that on entry into the service area, 
a customer occupies the lowest-numbered service position that is 
empty. Further, the server renders service to the customer in the 
highest-numbered service position that is nonempty. Thus, a customer 
occupies the same service position from entry until departure. Let 
Tj(s) be the LST of the distribution of time spent in the service area 
by a customer who occupies position j on entry into the service area. 
Then, 

and 

{

Cj(S) if hi-I> j > hi 
Tj(s) = 

Hl(s) if j = hi 
and l = 2, ... , n. (10) 

It is now easy to use the results of Section II to obtain this LST or 
any other characterization of this distribution. 

4.2 The multiple-server discipline 

In this discipline, let J.Li = i(1. Then the time spent in the service area 
is simply exponential with parameter (1. 

4.3 The processor sharing discipline 

The exact solution for the mean time spent in the service area can 
be obtained by first noting that customer classes are indistinguishable 
on entry into the service area. We denote the state of the system by 
an n-tuple (Jr, J 2 , ••• ,In ) as seen by a customer of class l after entry 
into the service area and let Ql(j) denote the probability that the state 
of the system is j when an arbitrary class l customer is admitted to 
the service area, where jl includes the newly admitted customer. 
Further, let x(j) be the mean time spent in the service area for a 
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customer who sees state j immediately on being admitted to the service 
area. If we let tl be the mean time spent in the service area by a class 
l customer, then 

tl = L X(j)QI(j), (11) 
jEA/ 

where 

Al = I(jI, i2, ... ,in) lik = 0 for 2 ::5 h < l} for l = 1, ... , n. 

It is possible to obtain QI (j) from the following observations: 
1. For il < hi, 

QI(j) = P(j - ed. 

For a customer of class l to see il including itself, there must be il - 1 
ahead of it in the service area. 

2. Whenever a customer of class l enters the service area, J 2 = J a = 
... = J I- I = 0 and J I ::5 hi. 

3. For il = hi, one of two disjoint events must occur. Either the class 
l customer arrived to see hi - 1 customers ahead of it in the service 
area or it must have waited in the waiting area prior to admission. 
The former case is identical to the first observation above. In the 
latter case, we have to characterize the distribution of (JI , ••• , I n ) at 
the time of entry into the service area. The random variable J I behaves 
like the number waiting as seen by a customer about to enter service 
given that it had to wait in an M/G/! queue with an arrival rate of Al 
and a service time of HI. The distribution of Jk(h = l + 1, ... , n) is 
simply the convolution of what was seen on arrival and the number of 
new arrivals of type h during the wait of the customer of class l. 

In principle, it is possible to write down QI(j) in terms of P(j) from 
the observations made above. The notation is cumbersome, so we will 
not go into the details here. The exact derivation when n = 2 is given 
in Appendix B. 

Further, for hl+1 ::5 il < hi, the x(j) satisfy 

n I 

(A + JljJx(j) = 1 + L Akx(j + ek) + L Akx(j + ed 
k=l+1 k=I 

+ (i' ~ 1) b(j,)l'h Ix (j - e,)b(j, - h,+1) + [x (j - e,)(1 - b(jl+1» 

+ x(j - el+1)o(jI+1)](1 - O(jI - hl+d)}. (12) 

The solution of this equation is not easy; however, it is possible 
to solve it for the case where n = 2. We present this solution in Ap­
pendix C. 
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V. CONCLUDING REMARKS 

In the earlier sections, we have shown how to characterize distri­
butions of the waiting time and the time spent in the service area. Of 
interest in many applications would also be the sojourn time (i.e., the 
elapsed time between arrival into and departure from the system) of 
customers. In principle, it is possible to characterize the sojourn time 
distribution for the two-class PS problem by the methods used in Ref. 
10. 

We note that the time spent in the service area for the first-come 
first-served discipline is somewhat difficult to characterize, whereas 
the results for the waiting time is the same as that in Section II. The 
reason for this difficulty can be seen by first assuming that we are 
about to characterize a two-class problem. Then the mean time spent 
in the service area has to be found conditioned on J 1 , J 2 and the 
position of the tagged customer in the service area. The difference 
equations for this mean time thus will be in three variables and are 
hard to solve. 
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APPENDIX A 

The Steady-State Probabilities for a Two-Class Problem 

In this appendix, we show how to obtain the solution to eq. (1) when 
n = 2. For the sake of notational ease, we will refer to the random 
variables J 1 and J 2 as I and J in this and the other appendices. Further, 
i and j will be the realizations of the random variables I and J, 
respectively. Let P ij be the steady-state probability that I = i and 
J = j. Equation (1) reduces to the following equations when n is 2: 
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if i > k2' j > 0, , (13) 

(AI + A2 + pJPiO = AI P i-l,O + A2P i-l,O + lli+1Pi+1,O 

if 0 < i < k2' (14) 

(AI + A2 + 1lk:2)Pk:2,o = (AI + A2)Pk:2-1,o + Ilk2 P k2 ,1 + Ilk2+1Pk:2+1,O (15) 

(AI + A2 + lli)PiO = AIP i-l,O + lli+1Pi+1,O if i > k2' (16) 

(AI + A2 + 1lk:2)Pk2,j = A2Pk:2.i-l + Ilk:2 P k:2,j+1 + Ilk2+1, P k2+1,j 

if j > 0 (17) 

and 

(18) 

It should be clear that Uo (of Section III) is the same as Poo. So, one 
can obtain Pio for 0 ~ i ~ k2 by using (18) and (14). Even though the 
coefficients of Pij in eqs. (13) and (16) depend on i, it is easy to see 
that these are constant coefficient partial difference equations when 
i::: m. Further, these equations are very similar to the ones solved by 
Rege and Sengupta.10 Using these methods, it is easy to show that 

(19) 

and 

(

CO i ) P2 i-n i-n i 
Pij = ( _ ) ~ 0"1 P v,j-l + L 0"2 P v,j-l + Bj 0"2 

0"1 0"2 v=I+1 v=m 

for i::: m and j > 0, (20) 

where 

0"1 = (1 + PI + P2 + .J(1 + PI + P2)2 - 4pl))/2, 

0"2 = (1 + PI + P2 - .J(1 + PI + P2)2 - 4pl))/2, 

PI = AIiIl, P2 = A2/1l, 

and fBj , j = 0, 1, ... ) constitute a sequence of unknown constants to 
be determined from the boundary conditions (15) and (17). 

N ow we will show how to determine the unknown constants in two 
steps. First, we will show this for Bo and then for Bj • It is possible to 
determine Bo by assuming two trial values and using (19) and (16) to 
recursively calculate two sets of Pio for i = m + 1, m, ... , k2• Since 
each of these Pio is a linear function of the unknown constant Bo, now 
it is easy to use linear interpolation to obtain the correct value of Bo 
that agrees with Pk:2,o already obtained from (14). One can now use 
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(15) to obtain P~,I' To calculate Bj(j > 0), let us assume the P~,j has 
been obtained from (15) for j = 1 or from (17) for j > 1. Further 
assume that Pik(O $ k $ j - 1 and all i) are known. As before, we start 
with two trial values of Bj and recursively calculate two sets of P ij for 
i = m + 1, ... , k2 by using (20) and (13). Since each of the Pij is a 
linear function of Bj , we can use linear interpolation to obtain the 
correct value of Bj that agrees with Pk2 ,j already obtained from (15) 
for j = 1 or from (17) for j > 1. Finally, one can use (17) to obtain 
P~,j+1' 

APPENDIX B 

State Probability As Seen by Customers on Admission to the Service Area 

Here we describe the procedures for computing Qdi,j) and Q2(i,j) 
that denote the state probabilities as seen upon admission to the 
service area by type 1 and type 2 customers, respectively. The proce­
dure for computation of Q2 (i, j) is described first. 

It is clear that if, on arrival, a type 2 customer finds less than k2 
customers in the system, it does not have to wait before entering the 
service area. So, 

Q2(i,j) = P(i - 1, j) for i < k2. (21) 

It is also obvious that Q2 (i, j) = 0 for i> k2' since a type 2 customer 
cannot enter the service area if the number of customers in the service 
area other than itself is greater than or equal to k2 • A type 2 customer 
will see I = k2 upon its admission to the service area in one of two 
ways: (1) if there are k2 - 1 customers in the system just before its 
arrival, or (2) if I ~ k2 at the time of its arrival and it has to wait until 
all type 2 customers ahead of it in the waiting area are admitted to 
the system and a departure occurs from the state I = k2 • 

From the analysis of Section II, W2 (s) is the LST of the distribution 
of the waiting time of a type 2 customer given that it has to wait. The 
generating function of the number of arrivals of type 2 during this 
wait is W2 (A2 (1 - z». Further, the probability that a type 2 customer 
has to wait before entering the service area is Li=~ Ili. 

Thus, 

Q (k ') _ ~ P (dj /dz j
) W2(A2(1 - z» Iz=o ~ 

2 2, J - Uj k2-I,O + " .L.J Ili, 
J. J=k2 

(22) 

where 5j = 1 if j = 0 and 0 otherwise. 
To compute Qdi,j), we note that type 1 customers do not have to 

wait if there are less than ki customers in the service area at the time 
of their arrival. Thus, 

QI(i,j) = P(i - 1, j) (23) 
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j 

QI(i,j) = L L P(i', j') 
i'=kl j'=0 

roo f.l(f.lt)i'-kl -Ilt (AIt)i-kl -Alt (A2 t )j-j' - A2tdt 
. Jo (i' - kd! e (i _ kd! e (j _ j')! e . (24) 

For i = kl' there are two possibilities: (1) if the type 1 customer 
finds ki - 1 customers in the service area upon arrival and does not 
have to wait, (2) if it has to wait but no type 1 arrivals occur during 
its wait. Thus, 

j 

Qdkb j) = P(ki - 1, j) + L L P(i', j') 
i'=kl j'=0 

roo f.l(f.lt)i'-kl -Ilt -Alt (A2 t )j-j' - A2tdt 
. Jo (i' _ kd! e e (j _ j')! e • (25) 

In deriving (24) and (25) above, we have used the facts that the 
waiting time of a type 1 customer (given that it has to wait) has a 
gamma distribution and that the type 1 and type 2 arrivals that occur 
during this wait are independent and Poisson. 

APPENDIX C 

Characterization of the Time Spent in the Service Area by a Tagged 
Customer in a Two-Class Processor Sharing System 

Let X(s) denote the LST of the distribution of the time spent in 
the service area by an arbitrary "tagged customer." Similarly, let Xi,j(s) 
denote the LST of the conditional distribution of this random variable 
given that the state J of the system at the time the tagged customer 
was admitted to the service area was (i, j). (Here i is assumed to 
include the tagged customer.) Let Xi(s) denote the row vector with 
entries 

(26) 

When i < k2' there can be no type 2 customers waiting outside, that 
is, j = o. So we let Xi (s) denote the quantity Xi (s ) . We are interested 
in determining the quantities Xi(s) for i ~ k2 and Xi(s) for 1 ~ i < k2. 

Assume that the tagged customer was admitted to the service area 
at time 0 and let t denote the time at which the tagged customer 
finishes service and quits the system. Then, 

{Xi(s)}j = E[e-sT I Jo+ = (i, j)] for i ~ k2' j = 0, 1, 

and 

Xi(S) = E[e-sT I J o+ = (i, 0)] for i ~ i ~ k2 - 1. (27) 
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Let Ti denote the first passage time (after time 0) into the state (i, .), 
that is, 

Ti = Min{t:t 2: 0, J t = (i, .)} for i 2: 1. (28) 

Also, for i 2: k2 andj, k = 0,1,2, ... ,let iRj,k(S) denote the quantity 

E[e-STi-1I{T> Ti-dI{JTt-l = (i - 1, j)} I Jo+ = (i, k)], 

where I{A} denotes the indicator function of the eventA. Observe that 
for i 2: m the server continues to work at the maximum multiprogram­
ming level until the first passage time into the state (i - 1, .) so that, 
sample path by sample path, the above expectation is independent of 
i. Thus, 

(29) 

Also, during this time no type 2 jobs are admitted to the service area 
so that j cannot be less than k, that is, 

Rj,k(S) = ° for j < k. (30) 

Let R (s) denote the matrix with entries 

{R(s)b,k = Rj,k(S) for j, k = 0, 1, 2, .... (31) 

Then R (s), clearly, is lower triangular. Moreover, by a sample path 
argument it can be shown that Rj,k(S) depends upon the difference, 
j - k, which represents the number of type 2 arrivals during (0, Ti-d, 
and not on k, which refers to the number of type 2 customers waiting 
outside at time 0+. Thus R (s) has the form 

ro(s) .0 .. J. rl(s) ro(s) (32) 

C.1 A matrix equation for R(s) 

By conditioning on the first event to occur, we write Rj,k(S) as 

R. (s) = J.l(m - I)/m o. + Al E[e-sTi-1I{T> T._ } 
1,k A + J.l + s J,k A + J.l + s I 1 

. 1 {JT1:1 = (i - 1, j)} I J o+ = (i + 1, k)] + A2 E[e-sTi-1 
I A+J.l+s 

.I{T> Ti-dI{JTt-l = (i - 1, j)} I J o+ = (i, k + 1)], (33) 

where the first term corresponds to the event "departure of a nontagged 
customer," the second to the event "arrival of a type 1 customer," and 
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the third to the event "arrival of a type 2 customer." Now the 
expectation in the second term can be written as 

E[e-STi-11{T> Ti-d1{JTtl = (i - 1, j)J I J o+ = (i + 1, k)] 
00 

= L E[e-s(T'+T")l{T> T' + T"}l{JT'+T" = (i - 1, j)} 
j'=o 

·1 {JT , = (i, j')} I Jo+ = (i + 1, k)], (34) 

where T' is the first passage time into the state (i, .) and T" is the 
time elapsed since the first passage into (i, .) until the first passage 
into the state (i - 1, .). Clearly, Ti- I = T' + T" since the Markov 
process J is skip-free. From the Markov property of J T , it follows that 
the right-hand size of (34) equals 

00 

L E[e-ST"l{T - T' > T"}l{J(T'+T")+ = (i - 1, j)J I JT,+ 
j'=o 

= (i, j'), T> T'] X E[e-ST'l{T > T'}l{JT,+ = (i, j')} I J o+ 

= (i + 1, k)], 

which is nothing but 

Thus, (34) can be written as 

R () J.l(m - l)/m 0 Al (R2( )1 
j,k S = A + J.l + S j,k + A + J.l + S S fj,k 

A2 
+ A + J.l + S Rj,k+I (s) (35) 

or in a matrix form 

R(s) = J.l«m - l)/m) I + Al R2(S) + A2 R(s)il. (36) 
A+J.l+s A+J.l+s· A+J.l+s 

In (35) and (36), OJ,k is the Kronecker 0, that is, OJ,k equals 1 if j = k 
and 0 otherwise; and the matrix il is given by 

il= 

o 
1 0 

1 0 
o 1 

o 

o (37) 

The structure of R (s) as given in (32) makes it possible to compute 
the entries ri(s) recursively. ro (s) satisfies the quadratic equation 
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() J.L(m - I)/m Al 2( ) 
ro S = + ro S 

A+J.L+s A+J.L+s 
(38) 

so that ro(s) is given by 

(A + J.L + s) ± J(A + J.L + S)2 - 4AIJ.L(m - I)/m 
ro(s) = 2AI . (39) 

Since, for s ~ 0, I ro (s) I must be less than or equal to 1, the larger of 
the two roots is unacceptable. Thus, 

( ) 
_ (A + J.L + s) - J(A + J.L + S)2 - 4AIJ.L(m - I)/m 

~ s - 2AI . (40) 

Once ro(s) is known, ri(s), for i ~ 1, can be computed recursively since 
ri (s) is expressible in terms of ro (s ), ... , ri-I (s ) . We note here that 
ro(s) has a form similar to that of 0"2(S) in Ref. 10. In fact, if A2 = 0, 
then ro(s) and 0"2 (s) are identical and represent the same quantity. 

C.2 The structure of Xi(s) 

Now that we have an explicit expression for R(s), we shall attempt 
to express the quantities Xi(s) in terms of R(s). 

The kth entry of Xi (s) can be written as 

{Xi(S)}k = E[e-STI{T > Ti-d I Jo+ = (i, k)] 

+ E[e-STI{T ~ Ti-d I Jo+ = (i, k)]. (41) 

The first term on the right-hand side of (41) can be expanded as 
00 

E[e-ST l{T> Ti-d I J o+ = (i, k)] = L E[e-s[(T-Tj-l)+Ti-d 
j=O 

.1{T> Ti-dI{JTt-l = (i - 1, j)} I Jo+ = (i, k)], (42) 

which, because of the Markov property of J t , reduces to 
00 

L E[e-s(i'-Ti-1) I JTt-l = (i - 1, j), T> Ti_dE[e-sTi-l 
j=O 

.I{T> Ti-dl{JTt-l = (i - 1, j)} I Jo+ = (i, k)]. 

It follows from the memoryless property of the tagged customer's 
service-time distribution that E[e-S(T-Ti-1) I JTt-l = (i - 1, j), T> Ti-d 
equals {Xi-I(S)!i; and, for i ~ m, E[e-STi-1 l{T > Ti-dl{JTt-l = (i - 1, 
j)ll J o+ = (i, k)] equals {R(S)}j,k. Thus (42) reduces to 

E[e-STl{T> Ti-d I J o+ = (i, k)] = {Xi-I(S)R(s)}k for i ~ m. (43) 

To derive an expression for the second term in (41), we note that, 
for i ~ m, no sample path that figures in the expectation 
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E[e-ST1(T:5 Ti-d I Jo+ = (i, k)] allows the multiprogramming level to 
fall below m before the departure of the tagged customer. Thus the 
server continues to operate at rate J.l until the tagged customer's 
departure. Also, for any two initial states (i1 , kd and (i2, k2), as long 
as i1 , i2 ;:: m, there is a one-to-one correspondence between sample 
paths describing the trajectory of J t between ° and T, which make 
equal contributions to the expectation. Thus, 

E[e-ST1(T:5 Ti-d I Jo+ = (i, k)] = a(s) for i;:: m, (44) 

where a(s) is independent of i and k. 
To derive an expression for a (s ), it will be convenient to introduce 

a quantity u(s) defined by 

u(s) = E[e-sTi- 11(T > Ti-d I J o+ = (i, k)] 

for i;:: m, k = 0, 1, .... (45) 

Note that although the definition of u(s) involves the initial state 
(i, k), u(s) is independent of the latter as long as i;:: m. Also note that 

u (s) = L rk (s ). (46) 
k=O 

By conditioning on the first relevant event to occur, u(s) can be 
written as 

() 
J.l(m - l)/m A1 

us= +----
. A1 + J.l + S ~\l + J.l + s 

.E[e-s
(Ti- 1-Ti+l)1(T> Ti-d I JTi+l = (i + 1, .), Ti- 1 > Ti+d. (47) 

In (47) it can be seen that arrivals of type 2 customers are completely 
ignored since they do not affect the mechanics involved. Since the 
first passage time from the state (i + 1, .) to (i - 1, .) involves the 
sum of the first passage times from (i + 1, .) to (i, .) and from (i, .) 
to (i - 1, .), which are i.i.d., (47) reduces to 

() J.l(m - l)/m A1 2( ) 
U S = + us. 

A1 + J.l + S A1 + J.l + s 
(48) 

Equation (48) is identical to the one describing U2(S) in Ref. 10, with 
A replaced by A1. The desired root of (48) is the smaller of the two 
roots so that 

(A1 + J.l + s) - -J(A1 + J.l + S)2 - 4J.lA1(m - l)/m 
u(s) = 2A1 . (49) 

Now a(s) can be obtained in a straightforward manner from u(s). 
By conditioning on the first relevant event to occur, we write 
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/lIm Al --a(s) = + E[e-s(T-Ti+1)I{T:5 Ti-d I Jrtl 
/l + Al + s /l + Al + s 

. - /lIm Al 
= (l + 1, .), T> Ti+d = A + A 

/l+ I+S /l+ I+S 

. [E[e- s<i'-Ti+1)I{T:5 Ti-dl{T :5 T'} I Jrtl = (i + 1, .), T> Ti+l] 

+ E[e- s(T-Ti+1)I{T :5 Ti-dl{T > T'} I JTt-l = (i + 1, .), T> Ti+d], (50) 

where T' denotes the first passage time into the state (i, .) after the 
state has reached (i + 1, .) at time Ti+1. Following arguments similar 
to the ones used earlier, it can be shown that (50) can be written as 

/lIm Al 
a(s) = + [a(s) + IT(s)a(s)], 

/l + Al + s /l + Al + s 

that is, 

a(s) = /llm[/l + s - AllT(S )]-1. (51) 

The desired vector Xi(s) can now be written as 

Xi(s) = a(s) + Xi-ds)R(s) for i ~ m, (52) 

where a(s) is the row vector (a(s), a(s), a(s), ... ). 
If we introduce two more vectors a( s) and (3( s), where 

/lIm 
(3(s) = I [1, 1, 1, ... ], 

/l m + s 

and 

a(s) = a(s) - (3(s) + Xm-1(s)R(s), 

the vectors Xi (s) for i ~ m can be expressed as 

Xi(s) = (3(s) + a(s)[R(s)]i-m. 

(The above equation can be proved by mathematical induction.) 

(53) 

(54) 

(55) 

It can be seen that as i ~ 00, the term a(s)[R(s)]i-m vanishes, so 
that Xj(s) approaches its limiting value (3(s). In other words, when i 
is large, the tagged customer receives its entire service at the rate 
/lIm as expected. 

C.3 Boundary conditions 

For i ~ m, eq. (55) characterizes the vectors Xi(s) in terms of known 
quantities (3( s ), a (s ), R (s ), and the unknown Xm- 1 (s). In other words, 
if Xm-ds) is known, Xj(s) can be obtained, for i ~ m, directly from 
(55). To completely characterize the time spent in the service area by 
a tagged customer, it remains to derive the boundary conditions, that 
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is, a system of equations from which the quantities X 1 (s), X 2 (s), 
... ,Xk1-ds), Xk1 (s), ... , Xm-ds) can be obtained. 

Without going into the details of derivation-it involves arguments 
similar to the ones used in the earlier analysis-we state the boundary 
conditions, which are as follows: 

X .( ) = JlJi 1 (i - I)JlJi X. () Al X. () 
£ S + £-1 S + £+1 S 

A + Jli + s A + Jli + s A + Jli + s 

A 
+ A + {X k2 (S)}O, (58) 

Jl~-l 

JlJi (i - I)JlJi A 
Xi(s) = A + A X i- 1(S) + A X i+1(S) + Jli + s + Jli + s + Jli + s 

for 2 ~ i < k2 - 1, (59) 

and 

Jl1 A 
X 1 (s) = A + A X 2 (s), (60) + Jl1 + s + Jl1 + s 

where eo = [1 0 0 0 ... ] and 1 = [1 11 ... ]. 
Equations (55) through (60) give a characterization of the LST of 

the distribution of the time spent in the service area by the tagged 
customer given the state of the system at the time it was admitted to 
the service area. To derive the mean time spent in the service area, 
we need to differentiate these quantities at s = O. Noting that a(O) = 
0, we have 

Xi (0) = P' (0) + a' (O)[R (o)]i-m for i ~ m. (61) 

The boundary conditions also are obtained by differentiating the 
corresponding equations at s = 0: 
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X[(O) = 

X~(O) = 

1 1 + (i - l)JlJi X~_ (0) + _Al_ X~ (0) 
(A + Jli) (A + Jli) 'l A + Jli ,+1 

+ ~ X[ (O)~ for k2 + 1 ~ i < m - 1 (62) 
A + Jli 

1 + (k2 - 1)Jlk/k2 [X' (O)~T + X' _ (O)e ] 
A+ A+ 

k2 k2l 0 
Jl~ Jlk2 

+ Al X~+1 (0) + A2 X k2 (O)~, (63) 
A + Jl~ A + Jl~ 

X~-dO) = 1 + (k2 - 2)Jl~-d(k2 - 1) X~-2(0) 
A + Jlk2-l A + Jlk2-l 

+ A + A {X~(O)}o, (64) 
Jl~-l 

X! (0) = __ 1_ + (i - l)JlJi X~_ (0) + _A_ X~ (0) 
Z A + Jli A + Jli ' 1 A + Jli z+ 1 

for 2 ~ i < k2 - 1, (65) 

and 

X~(O) = --A 1 + -A A X~(O). 
+ Jll + Jll 

(66) 
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Inequalities satisfied by the Laplace transforms of convex and log-convex 
functions are obtained. Applications are made to the M/G/1 queue waiting 
time and to an important teletraffic congestion problem, arising in parcel 
blocking studies. 

I. INTRODUCTION 

The purpose of this paper is to establish certain inequalities satisfied 
by the Laplace transform of convex functions and to illustrate their 
use. The notion of a-convexity on which these results are based is 
fully discussed.1 This notion had its origin in the author's investiga­
tions concerning the inversion of the Laplace transform;2 subse­
quently, it has been applied to obtaining the results reported on here. 
The property of a-convexity forms a natural bridge between ordinary 
convexity (a = 0) and the stronger property of log-convexity (all a). 
This enables the formulation of a criterion in terms of the transform 
of a function for ascertaining the log-convexity of the function, vd. 
Theorem 2 and (11). 

An infinite set of inequalities satisfied by the Laplace transform of 
a log-convex function is obtained, vd. Theorem 3; these inequalities 
are illustrated by two applications. The first provides necessary con­
ditions for the log-convexity of the complementary waiting time dis­
tribution in the First-In First-Out (FIFO) MIGII queue. The condi-
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tions are expressed in terms of the transform of the complementary 
service time distribution. 

The second application concerns the important teletraffic problem 
of ascertaining the time congestion of a call that overflows a primary 
group and is offered to a secondary group. Simple upper and lower 
bounds are obtained for a function [OJ(x, a)] arising in Brockmeyer's 
analysis of the problem and in terms of which the time congestion is 
obtained.3 These results form an important part of "parcel blocking" 
analyses.4 

II. a-CONVEXITY 

A function f(x) is said to be a-convex on an interval I if eaxf(x) is 
convex on 1. Clearly, ordinary convexity corresponds to a = 0. A 
sufficient condition for convexity of f(x) is5 

f" (x) ~ 0, x E 1. 

Introducing the function h(x) by 

d2 

h(x) = e-ax dx 2 [eaxf(x)], 

= f"(x) + 2af'(x) + a 2f(x). 

Then, in view of (1), the condition for a-convexity is 

h(x) ~ 0, x E 1. 

(1) 

(2) 

(3) 

(4) 

It should be observed that a -convexity does not imply convexity 
(a = 0). Thus consider, for example, f(x) = x 3

, which is a-convex for 
x ~ 0, a ~ 0. For a = 1, however, x 3 is a-convex for -3 - ../3 :s x :s 
-3 + ../3. 

The a-convexity of a function may permit stronger bounds to be 
obtained on integrals of the function than ordinary convexity. For 
example, let p(x) ~ 0, and let f(x) be convex on I, then Jensen's 
inequality states5 

I {(x)p(x)dx ?: {(Il) I p(x)dx, 

11 = I xp(x)dx / I p(x)dx. (5) 

If f(x) is a-convex on I, then, since 

I {(x)p(x)dx = I e"X{(x)e-nXp(x)dx, (6) 
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one has 

I f(x)p(x)dx "' ea'f(l') I e-~p(x)dx, 
I' = I xe-=p(x)dx / I e-=p(x)dx. (7) 

This result can be stronger than (5). 
Let the Laplace transform, l(s), of f(x) be defined by 

1(8) = 100 

e-"f(x)dx, 8 > -'Y, (8) 

and let f(x) be a-convex for x ~ 0; then the following theorem may be 
stated. 
Theorem 1: 

1 ~ ( 1 ) l(s) ~ -- es+af -- , 
s+a s+a 

a> - s; 

or, equivalently, 

1 -(1) 1 f (x) :5 ~ e -ax f ~ - a , a < ~ + 1'. 

Proof: Use of (7) withp(x) = e-SX. 
A function f(x) > 0 is said to be log-convex on I if lnf(x) is convex 

on 1. Thus, the condition for log-convexity is 

f"(x)f(x) - f'(X)2 ~ 0, x E 1. (9) 

In particular, log-convexity implies convexity, hence eaXf(x) is convex; 
thus, a log-convex function is a-convex for all a. The following theorem 
asserts also the converse. 
Theorem 2: A function f (x) > 0 is log-convex on an interval I if and 
only if it is a-convex on I for all a. 
Proof: It is necessary to prove only that f(x) is log-convex on I if it is 
a-convex on I for all a. This follows from (3) on observing that the 
discriminant of the quadratic in a is f'(X)2 - f"(x)f(x); hence, a­
convexity for all a implies (9) and the consequent log-convexity of 
f(x). 
Corollary: The sum of log-convex functions is log-convex. 
Proof: The sum of a-convex functions corresponding to the same a is 
clearly again a-convex for the same a; hence, the statement follows 
on applying the theorem. 

A function f(x) is said to be completely monotone on I if 

LAPLACE TRANSFORM 1757 



(-IYf(r)(x)~O, xEI, r=0,1,2,···. (10) 

The Bernstein theorem,6 which states that f(x) ~ 0 if and only if 
1 (s) is completely monotone for s real and in the domain of conver­
gence of (8), may be used to translate condition (4) in terms of l(s). 
Accordingly, let 1 (s) converge for s > 0 and let 

h(s) = (s + a)21(s) - (s + 2a)f(0+) - 1'(0+), s > O. (11) 

Then f(x) is a-convex if and only if h(s) is completely monotone for 
s > o. Thus, also, f(x) is log-convex if and only if h(s) is completely 
monotone for s > 0 and all a. 

III. INEQUALITIES FOR I(s) FROM LOG-CONVEXITY 

It will now be assumed that f(x) is log-convex for x > 0 and that 
1 (s) converges for s > o. Thus, one has 

min (-lth(n)(s) ~ 0, s> 0, n = 0, 1, 2, ... . (12) 
a 

The following theorem will now be proved. 
Theorem 3: If f(x) is log-convex for x> 0, then for all s > 0, one has 

f~( )-1 < sf(O+) - I' (0+) f(O) 0 
s - f(0+)2 , + ¢ , 

d ~ 1 1 
ds f(s)- ~ f(O+)' f(O+) ¢ 0, 

(n - 1)!<m)(s)!<m-2)(s) ~ n!<m-1)(s)2, n ~ 2. 

The equality signs are achieved for f(x) = e-'YX
• 

Proof: One has for 

f(O) 
a = l(s) - s, 

. ~ f(0)2 
m~n h(s) = sf(O) - 1'(0) - l(s) ~ o. 

This establishes the first inequality. For 

l(s) 
a = 1'(s) - s, 

one has 

m!n[-h'(s)] = :~g; + f(O) ;", 0, 
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which, after a little manipulation, yields the second inequality. For 
the choice 

pn-l) (R) 
a = -n pn)(R) - R, (17) 

direct calculation shows that 

min[( -1)n ii(n) (s)] 
a 

_ _ n _ -(n-2) _ S > 
[ 

f-(n-l)( )2] 
- ( 1) n (n l)f (s) n pn)(s) _ O. (18) 

In view of the complete monotonicity of 1 (s), the remaining inequali­
ties are established. 

IV. CONVEXITY IN M/G/1 

An application of Theorem 3 will now be made to waiting time in 
the FIFO MIGII queue. l In the following, A is the arrival rate, J.l is 
the service rate, p = AI J.l < 1, J.l2 is the second moment about the origin 
of service time, and ~(s), F(s) are the Laplace transforms of the 
complementary service and waiting time distributions, respectively. 
Theorem 4 may now be stated. 
Theorem 4: Necessary conditions for the complementary waiting time 
distribution, F(x), to be log-convex are 

21- 1 
2 2 :5 (3(s) :5 -- , 

J.l J.l2 S + J.l s+-
J.lJ.l2 

2 
J.l2 ~ 2· 

J.l 

Proof: The Pollaczek-Khintchine formula l may be written in the form 

Clearly, 

hence, 

Thus, 

F (s) = ~ p - A~ (s) . 
s 1 - A{3(S) 

- 1 
(3(s) -- - , s ~ 00; 

s 

F(s) __ f!. _ A(1 - p) , 
S S2 

s ~ 00. 

F(O+) = p, F'(O+) = -A(1 - p). 

(19) 

(20) 

(21) 

(22) 
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Application of the first inequality of Theorem 3 yields 

1 - xjj (s ) s 1 - p 
s - :5-+jl--. 

p - x~(s) p p 
(23) 

Observing that ~(s) is monotone decreasing, and that X~(O) = p < 1, 
one has (s > 0) 

1 - xjj(s) > 0, p - xjj(s) > o. (24) 

Hence, multiplying (23) through by p - x~(s), and solving for ~(s), 
one obtains 

- 1 ~(s) :5 --. 
s+jl 

(25) 

U sing the second inequality of Theorem 3 in the form 

- 1 - 1 s 
F(s)- ~ F(O)- + F(O+) (26) 

with the evaluation 

F(O) =!~ 
21-p 

(27) 

yields the required lower bound for ~(s). Finally, multiplying the upper 
and lower bounds by s and evaluating the limit s ~ 00 provides the 
last inequality of the theorem. 

V. AN OVERFLOW MODEL 

Consider the traffic model of Fig. 1, in which a is the offered load, 
assumed Poisson, to the primary trunk group of x trunks whose 
overflow of m erlangs and peakedness z is offered to the secondary 
trunk group of c trunks. Clearly, 

m = aB(x, a), (28) 

in which B (x, a) is the Erlang loss function. 7,8 The blocking (call 
congestion) experienced by a call overflowing the primary is given by 
the formula (equivalent random method)8 

B = B(x + c, a) 
e B(x, a) . (29) 

An alternative expression for Be may be obtained from the Brockmeyer 
analysis.3 Let P(k) be the probability k trunks are busy on the 
secondary group and let m(k) be the corresponding load offered to the 
secondary; then 
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Fig. 1-0verflow system. 

e 

m = L m(k)P(k), 
k=O 

Be = m(c)P(c) . 
m 

One has also that the time congestion, BT , is given by 

BT = P(c). 

In order to obtain P(c), the function OJ (x, a) is introduced by 

GA-j - 1, a) 
oj(x,a)= G(-. ) , 

x j, a 

in which Gj(x, a) are Poisson-Charlier polynomials.7 Then 

BT = oe(x, a)B(x + c, a). 

It has been found4 that OJ(x, a) satisfies the recursion 

oo(x, a) = B(x, a)-I, 

x-a a 
OJ(x, a) = 1 + --. - + -:- OJ-l(X, a)-I, 

J J 
j ?::. 1. 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

Another recursion for OJ (x, a) may be obtained by considering the 
integral 

(36) 

Since 

(37) 
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one has from (33) 

OJ(O, a) = 1, j?! 0, 

a Ij(x, a) 
OJ(x, a) = -:- I ( ) , 

J j-I x, a 
j ?! 1. (38) 

One easily establishes 

Ij(x + 1, a) = Ij(x, a) + I j+1(x, a), (39) 

x J 
Ij(x, a) = - Ij(x - 1, a) + - Ij-dx, a); (40) 

a a 

hence, from (39) and (40) 

x Ij(x - 1, a) 
oj(x,a)=-:- I ( ) +1. (41) 

J j-I x, a 

Use of (39) finally yields 

x 
OJ(x, a) = Os: ( 1) OJ(x - 1, a) + 1, x?! 1. (42) 

a + JUj x - ,a 

The recursion of (42) with initial value of (38) provides a convenient 
and stable method for the exact computation of OJ (x, a); however, in 
many practical investigations, it is useful to have upper and lower 
bounds showing simple and explicit dependence on the arguments. 
For this purpose, let P x (t) be the recovery function for a group of x 
trunks, that is, the probability that all trunks are busy at time t given 
they were all busy at time zero; then9 

- Gx(-R, a) 
Px(s) = RGA-R - 1, a) . (43) 

Comparison of (43) with (33) shows that 

- 1 
PAj) = Os: ( ) • 

JUj x, a 
(44) 

It is also known that PAt) is log-convex in t for t ?! 0.9 The following 
theorem may now be proved. 
Theorem 5: For j ?! 1, x ?! 0, a ?! 0, the following inequalities hold 

! [1 x - a + 1 V(l x - a + 1)2 4 j(a - 1) - x] 
2 + ° + + ° + °2 

J J J 

1 [ x - a v( x - a)2 4a] SOj(x,a)s2" l+-
j
-+ l+-

j
- +T . 
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Proof: The upper bound is due to A. A. Fredericks,4 who shows that 

OJ(X, a) :5 OJ-I(X, a), 

hence, from (35) one gets 

j ~ 1; 

x-a a 
OJ(x, a) :5 1 + --. - + -: OJ(X, a)-I. 

} } 

(45) 

(46) 

Solution of the quadratic provides the upper bound of the theorem. 
Since PAO) = 1, the second inequality of Theorem 3 applied to 

PAs) in the form 

PAs + h)-I - PAS)-I ~ h, h ~ 0, (47) 

yields, from (44), 

(j + h)Oj+h(X, a) - jOj(x, a) ~ h, 

Setting h = 1 and writing (48) in the form 

. 1 
OJ-I(X, a)-I ~ '0 / - ) 1 

} j x, a -

yields, after substitution into (35), 

h ~ O. 

. ( ) . j - 1 
}OJ x, a ~} + x - a + a . ( ) 1 

}OJ x, a -

(48) 

(49) 

(50) 

From (48) it follows that jOj(x, a) ~ 1; hence, in (50), multiplying 
through by jOj (x, a) - 1 yields the inequality 

2 ( X - a + 1) j (a - 1) - x 
OJ(x, a) - 1 + j OJ(x, a) - j2 ~ O. (51) 

Solution of this quadratic finally yields the lower bound of the theorem. 
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