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Chapter 1
 

BACKGROUND
 

1.1 Initiation
 

The college of Civil Engineers of Guayaquil (CIG), a society

of professi-mnal engineers in Ecuador, runs continuing educa­
tion courses throughout the year for its members. This year,
 
the CIG asked Professor Enrique LaMotta of the Escuela Poli­
tecnica Nacional in Quito to teach a short course on waste­
water treatment. CIG also asked LaMotta to suggest a teacher 
for a short course on water supply planni.ng. Knowing of the 
work of Professor Donald T. Lauria of the University of North 
Carolina (UNC) in this field, LaMotta suggested his name. CIG
 
requested Lauria's participation through the AID Mission in
 
Quito which in turn asked WASH to make arrangements. The
 
initial request for Lauria's service was made in April 1982
 
with a proposed date for the course in August. Although the
 
specific details were as yet uncertain, Lauria agreed to give
 
the course.
 

1.2 Options
 

As planning developed, Lwo broad options for the course were
 
offered to WASHI for consideration. One was to conduct a work­
shop that would provide participants with an opportunity to
 
use the computer for low-cost water supply planning, and the
 
other was to present a lecture series in which several topics 
would be covered but the audience would remain essentially 
passi v.
 

With the workshop format, a two-hour lecture would be given on 
a particular subject after which the participants would be 
divided :Lnto groups of from five to ten persons. Each group 
would be asslgned a task based on the subject of the lecture. 
The groups would spend about two hours on the assignmenit
during whic.h the teacher and his assistants would move from 
one group to another serving as consultants. The assignments
would be based on case studies of the participants' choosing 
uSing local data, maps and r-.ports. Participants would be 
asked to bring these ma:erials with them, and the teachers 
wou.d assist in turning them into manageable projects. After 
comple t ion of the case studies, a lecture on the next subject 
would he presented and the process would be repeatecl. During
the workshop, fouir or five different subjects would be
 
covered, inc ludi ng botch theory and applications. 

The l1 terativ to a workshop was ,!.course consisting mainly 
of Iec ti i . Th i. s woni' d make i. t possible to (cover more 
materiii , but learning would be less thorough because the 
participarnts wouldi not be giveil an opportunity to apply the 
conceptfi. Courses of this type are most appropriate for 
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introducing a range of subjects and for stimulating the
 

participants to work on their own. Workshops, by comparison,
 

are aimed at producing new skills which can be rather quickly
 
applied.
 

Regarding the subject matter of the course, two alternatives
 

were proposed. The first was concerned with the planning and
 

design of facilities other than treatment plants. The title
 
the major subjects
would be "Engineering Project Design" and 


would include:
 

1. Cost functions
 

2. Staging of construction
 

3. Pumping stations
 

4. Networks
 

5. Reservoirs.
 

The alternative focus of the course was "Low-Cost Water Supply
 

Planning" which would be focused on the design of municipal
 

water facilities in developing countries, especially pipe
 
the most expensive component.
distribution networks, which is 


This course would be similar to numerous courses Lauria has
 

given in LDCs for the World Bank. Major subjects for this
 

course would include:
 

1. Cost functions
 

2. Branched networks
 

3. Looped networks
 

4. Financial feasibility.
 

The intention with both courses was to use the microcomputer.
 
In the case of a workshop, the computer would be applied to
 

the case studies on which the participants were working. In
 

the case of a lecture series, it would be used for demonstra­

tions. While it was hoped that microcomputers would be avail­

able in Ecuador, the possibility existed of bringing a
 

computer from the United States. Because many participants
 

were expected, Lauria recommended that he be assisted by at
 

least one but preferably two doctoral students from his
 
department.
 

1.3 Final Plan
 

After extensive discussion between the teachers and WASH, it
 

was decided to adopt a workshop rather than a lecture series
 
format. The "Engineering Project Design" title was selected
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rather than focusing almost exclusively on distribution net­
works. Approval was given for Lauria to be assisted by Mr.
 
Keith Little who is a doctoral student working under his
 
direction. In addition, Little has been supported by the World
 
Bank tbrough their contract with UNC to develop software for
 
the microcomputer that would be used in the course. Because
 
the prospects for follow-up work in Ecuador were uncertain, a
 
second assistant was not approved. The teachers were autho­
rized to bring their own microcomputer to Ecuador. In addi­
tion, CIG made arrangements for the local distributor of Apple
 
computers to provide two of their machines and several monitor
 
screens. The course was scheduled to start August 11 and end
 
August 14.
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Chapter 2
 

COURSE DESCRIPTION
 

2.1 Staff
 

Because of its heavy involvement in offering continuing educa­
tion courses for its members, CIG has a knowledgeable staff
 
for handling arrangements. The main coordinator for the course
 
was Engineer Carlos Oporto C. who was assisted by Engineer
 
Carlos Assemany A. The coordinators were responsible for
 
liaison between the teachers, CIG, and assisting agencies.
 
Messrs. Lauria and Little were assisted in the classroom by
 
Professors LaMotta and Gonzalo Ordonez of the Escuela Poli­
tecnica Nacional. LaMotta's services had been formally
 
arranged through the AID Mission in Quito. Both LaMotta and
 
Ordonez worked as consultants with the teachers during the
 
sessions in which the computer was applied to case studies. In
 
addition, they periodically assisted with explanations and
 
commentary on lectures.
 

2.2 Description
 

The course was attended by about 120 participants, all of whom 
were engineers, although some are not working in the environ­
mental field. The course met six hours daily for the first 
three days and for about three hours the last day. A session 
was held each morning form 8:00 to 10:00 am at the university 
during which Lauria lectured in Spanish on a variety of sub­
jects. The presentations were devoted to theoretical prin­
ciples and concepts. Each evening from 6:00 to 10:00 pm, a 
second session was held in the Uni Ilotel. The evenings were 
mainLy tevoted to developing case studies that provided 
opportunities to apply the theory to problems using the 
computer. For these sessions, the participants were arranged 
in groups of about 12 at tables, each of which was equipped
 
with a monitor 1Lnked to a microcomputer.
 

2.3 Objectives
 

The overall goal of the course was to introduce concepts and 
techniques for the improved planning of the major components 
of community water systems in de-eloping countries. The 
specific objectives were four-fold: 

1. To provide basic instruction on and demonstrate the 
role o[ statistical regression analysis, microeconomic 
theory, mathematical modeling, and computer program­
ruing in the design of water systems;
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2. 	 To apply these concepts and techniques to real cases
 
in Ecuador;
 

3. 	 To provide an opportunity for the participants to work
 
with mathematical models and the computer rather than
 
to be merely observers;
 

4. 	 To investigate interest in a technical assistance
 
program for Ecuador in which these tools could be in­
corporated in the routine water sdpply planning work
 
of the country.
 

2.4 Content
 

An outline of the subjects covered in the course is shown in
 

Table 1. Most of the topics required use of computer programs
 
for data analysis and optimization which had been developed at
 
the University of North Carolina with research support from the
 
World Bank. Instruction was given in the evening sessions on
 
using these programs. A brief description of the major lectures
 
given in the morning sessions is as follows.
 

2.4.1 Statistical Analysis
 

The 	purpose of the lecture was to show how mathematical equa­
tions can be fitted to cost data using linear regression
 
analysis, especially equations with more than a single in­
dependent variable. The resulting equations can be used for
 
predicting the costs of water systems. The lecture covered
 
determination of goodness of fit using R2 and F statistics. A
 
summary of the material covered is included in the User In­
structions (see Appendix F.)
 

2.4.2 Economies of Scale
 

Once equations have been fitted to data, it is easy to de­

termine the economies of scale of the various water system
 

components. If power functions have been fitted, the exponent
 
of the independent variable is a measure of cost elasticity
 
with respect to capacity. For example, an exponent of 0.7 for a
 

water treatment cost function (which is a typical value)
 
implies that by doubling the capacity of a plant, construction
 
costs will increase by only about 70 percent. Using local data,
 
economies of scale were found to be large for pipelines and
 
considerably smaller for treatment plants and pumping stations.
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2.4.3 Optimal Design Periods
 

Components with large economies should be designed with more 

excess capacity than where economies are small. Optimal design 
periods were shown through the use of mathematical models to 
depend on economies of scale and the discount rate. The role of
 
other factors on design periods was also discussed, such as the 
length of the planning period and the rate at which demand 
changes over time. 

2.4.4 Branched Networks
 

Piped water distribution networks are generally the most ex­
pensiv, components in commuity water systems. Because of their 
expense, it is especially important in developing countries 
that networks be well designed and that costs be minimized. In 
cases where branched networks can be used (i.e. , networks 
withou t ,lo,;ed circuits) , it is possible to use linear pro­
gramming for determi.ning optimal pipe sizes. A mathematical 
model an d computer program for designing branched networks 
using LP was described, as was the basic technique of linear 
programming. User instructions for the program are Appendix G. 

2.4.5 Looped Networks 

While branched networks can frequently be used in rural and 
small ommun Ities, they are often unacceptable in larger towns 
and cities where circuits must be closed. Unfortunately, linear 
proy-ramming cannot be directly used for the optimal design of 
looped networks. Rather, network design must depend on the 
t. ri a]-and-error use of Hardy Cross or Newton Rathson models, 
whi h wer(. desc ribed. Also described was a heuristic program­
min approach for the nearly optimal design of networks that 
s ta r -sI i. r' t by designing the primary pipes as a branched 
syn~em followed by R sequence of rules for selecting the 
secondary 1 inks needed to close circulits. 

2.4.6 Pumpi.ng Stations
 

Particular attention is usually ne ded for sizing of wet wells 
in pumping 3tations. The principles of wet well design are es­
setaia,lly qu ivalent to those for water storage tanks and 
di stribution rese rvoirs. Models were developed for determining 
the s ize of wet wells that would minimize costs. These models 
noncidrn! both single and multiple punping units of both equal 
and iu nel na1 s iz . 
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2.4.7 Reservoirs
 

Where they are needed, water storage reservoirs are a partic­
ularly costly component of municipal systems. The conventional
 
approach for sizing reservoirs involves Rippl analysis, which
 
unfortunately suffers from several limitations. A model was 
presented for the least-cost design of reservoirs using linear
 
programming. The model can handle both single and multiple­
purpose units. The heart of the model is a linear decision rule
 
for operat'on. The model can accommodate probability con­
straints on demand. It is described in Appendix J.
 

2.5 Assessment
 

Arrangements for the course were excellent; CIG was well
 
organized and thoroughly attended to details. In general,
 
facilities were satisfactory. CIG required participants to
 
check in at the beginning of each session to assure attendance;
 
punched time cards were used for this purpose. Only those par­
ticipants who attended all the sessions were eligible for con­
tinuing education credits. This practice worked well and is 
highly recommended. For the evening sessions, breaks were ar­
ranged with coffee and refreshments. CIG is skilled in running
 
short courses, and their operation was very professional and of
 
the highest caliber.
 

The duration and arrangemeat of the course were adequate, 
although six hours of classroom teaching per day borders on the 
excessive. An arrangement of two hours of theory in the morning 
followed by three hours of practice in the evening for four and 
one-half days might have been better. A national holiday mid­
week prevented this schedule from being adopted. 

Professors Enrique LaMotta and Gonzalo Ordonez helped explain 
some partLcularly complicated matters and were very useful as 
consultants during the time the students worked on their case 
studies. This arrnngement worked well and is recommended for 
future courses. Mr. Little was taxed in trying to teach use of 
the computer to stich a large group. Despite the fact that a few 
computers were available for the course, he could work with 
only two of them which limited the rate at which case studies 
could be solved. A better arrangement would have been to in­
clude two doctoral students who could have spent more time with 
the participants demonstrating computer software and enabling 
irivestiga ion of' more alternatives. 

There were too many participants in this course for thorough 
learning in a workshop format. With the objective of hands-on 
experience in using the computer, it would have been better to 
limit attendance to 40 persons. With over 100 participants, it 
was necessary to rely more on demonstrations than solution of 
cases. However, each participant had the opportunity to design 
at least one real system using local data. 
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The maps and basic data supplied by CIG for the case studies
 
were excellent. However, the cost data for water system com­
ponents were only fair, which made it difficult in some cases
 
to perform regression analyses. This in turn interfered with
 
determining optimal design periods.
 

Some problems were encountered in making the Apple computers
 
operate satisfactorily. It turned out to be essential that a
 
computer had been brought to the course from the United States.
 

The course was well received. By the time it ended, the
 
President of CIG asked about steps to provide further instruc­
tion in the subjects that had been introduced. Actually, CIG
 
offered to buy the computer that had been used in the course to
 
make it available for its members. The counterpart of CIG in
 
Quito is similarly interested in a course of this type for its
 
own program of continuing education. Finally, interest was
 
expressed by some of the faculty members at the Escuela Poli­
tecnica Nacional in Quito for follow-up training in these 
subjects. 
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Chapter 3
 

RECOMMENDATIONS
 

A course of the type held in Guayaquil only makes engineers 
aware of new conc.tpts and techniques; it cannot enable the
 

engineers to use these techniques routinely in their work. A
 
goal for the future would be to develop a technical assistance 
program that would provide practicing engineers with a thorough 
understanding of the concepts and techniques (including skills 
for using the computer programs of this course) that are neces­
sary to integrate these approaches into operational planning 
and design situation. That a demand for such assistance exists 
was demonstrated by the strong response to the Guayaquil
 
course.
 

In developing any additional courses one should be guided by 
the 	following concepts:
 

o 	 The next stage of traiferring the technique should be 
focused or helping practicing engineers in operational 
agencies -o integrate these practices into their daily 
work. This is a long-term effort in which present day 
engineers need to be retrained and new engineers need 
to be indoctrinated in thn techniques. The availabil­
ity of local resources such as computers, etc. will be 
a major element in the direction of this c fort. 

o 	 Any future courses should be organized so that one or 
more of the local professors who attended the Guaya­
quil couirse (i.e. LaMotta or Ordonez) would be the 
organizer as well as an instructor. Professor Lauria's 
role would be that of a principal instructor and a 
course advisor. To do this Lauria should work with the 
local professors to adapt the existing software 
package to such computing capability as is available 
in Ecuador. 

o The next courses should be sponsored by one or more of 
the operating agencies (for example: IEOS, Quito 
Water, etc.) . Carefully prepared case studies of 
typical often-used local problems should be used as 
the 	main teaching tool.
 

o 	 the local universities should try to include the 
"Ecuadorian" version of these concept i.nto their 
eng i.neerig e.ourses. Professors LaMotta and Ordonez 
shoold be encouraged to take n leading role in helping 
to adapt thme concepts co Ecuadorian human, financial, 
technical and organizational resources. 

The discussion that fol Ilows focuses on the next steps of how 
USAID/Eiuador slvoI respond to the request for a course in 
Quito. 
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It is important to respond to the request for a course in Quito
 

since the request demonstrates interest in improving water 
supply planning to meet the goals of the UN Decade, but local 
engineers feel that the i.r skills need to be enhanced for them 
to be adequate to this task. in discuss ions with the AID 
Mission and Enginer LaMottn , i t appears that- an appropriate 
time for thLs c'ourse might be January 1983. Either in connec­
tion with the course or as a separate exercise, it would be 
important to provide in-depth training to a small group of 
engineers to make them thoroughly fami liar wi-th these tech­
niqrues. This group would be expected to use this technology in 
their work, and they in turn would assume the responsibility of 
providing simil ar training for their colleagues. At this time, 
it is not entirely clear who should receive the training, but 
based on discussions with the AID Mission, it appears that the 
most likely group would be the national water supply planning 
agency, ROS.
 

IEOS employs a large number of sanitary engineers for the plan­
uing and design of water systems. At present, this agency has
 
no computers but instead performs al.l design computations by 
hand. The consequ(ence of this is that engineers are limited to 
investigating relatively few design alternatives, making it 
di f ficul t to produce least-cost designs and to tailor them to 
the a F7f ordn b Ii ty oF users. Tr e AID Mi. ssion at present has 
given a $(! mi 1.Ii on loan to I E08 wh ich i ncludes three compo­
nents, viz. project implementation, traii.ning, and equipment. By 

channeling toechnical assistance through IEOS, it is likely that 
an excel lent, opportuni.ty would exist to appl.y the computer 
techniques t.o the project implementation component of this 
loan.
 

In addi.t.ion to working directly with an agency such as IEOS, i.t 
wou d be desi,rabl e to employ the assi.stance o f the Escue la 
Po i. teen i ca Nnc, ona 1 . By involving some professors in this 
technical assi -stnc project, they would become a more va]luablea o 
resource capanbl of r sponding to requests for assistance in 
the Fu t-,re . In WLddi:.ion, they would ho able to teach these con­
cepts W rhniqu ,s to in coursesoL stuidents university thereby 
strengthening lhe ir preparation for employment in the water 
supply !sec!or. 

At thi:-; point, Lh r(, appear to be t.hree options for the pro­
posed conirme in January: (1) o.ffr l:he course for the .i.vil 
engineerin g prof, s,iona1 soci ety, as was done i.n Guayaqui.; (2) 
of[fer rth., course oxcl usively for 18OS; and (3) offer training 
to both the civil enginenrirg group and IOS. 

An advanl : f of' t.he fi.rst opti-on i s that i t provides bt iad 
exposure to conced.'- and techn iquies F'or the public and the 
private s.ctors, bohLl o which are engaged in warter supply 
planning. ita Wso st.bli ishes fi rm contact with the profes­
sional so, iety t ; i; lilely to pla.y an important role i.n t e 
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water field. A disadvantage is that a course by itself without
 
plans for follow-up will not necessarily make a significant
 
step toward long-term improvement of planning.
 

The second option is appealing on the grounds that IEOS is the
 
agenoy that is fundamentally responsible for community water 
supply, and by training its engineers, positive steps would be 
taken to .trengtnen the institution and si.gnificantly affect
 
the water sector. Also, as noted above, the AID loan to IEOS
 
would appear to be an excellent vehicle for assuring that the
 
tools and techniques of this assistance find their way into 
practice. A di.sadvantage is that consulting engineers and
 
others not employed by TEOS would be excluded from this
 
training.
 

The third option is a compromise that attempts to combine the 
first two. Under it, a course similar to the one in Guayaquil 
would be given to engineer. working in both the public and 
private sectors, and this would be followed by a few days of 
intense training to a select group in IEOS who would be 
expected to take the leadership in learning these techniques, 
applying them routinely in their work, and teaching them to 
their colleagues. This option would lay the foundation for 
long-term assistance and would provide considerable flexibility 
in how the assistance might be channelled. Without considerably 
more information on how the water sector is organized in 
Ecuador (which is essential for choosing among the three op­
tions), this plan appears to be the most appropriate.
 

Assuming the third option, work should be started to arrange
 
for a follow-up course :in Quito, probably in January. The
 
number of participants should probably be limited to a maximum
 
of 20, all of whom sho.:i',t be sanitary engineers engaged in
 
water supply planning and design. The teaching staff should 
include hellp from Professors LaMotta and Ordonez, and it should 
Involve two doctoral students from UNC to assist with computer
applications. During the visit for this course, a definite 
strategy should he developed for providing technical assistance 
in low-cost wat;er supply planning. Methods for exchange of in­
formation and interrelationships between JEOS and private con­
sulting engineers should be determined.
 

For the course in Quito, it is recommended that AID purchase 
one or two microcomputers that could later be made available to
 
local engineers and possibly used in connection with its loan 
to I EOS. UNC is prepared t;o assist In purchasing this equip­
ment. The U1.S. cost of a well equipped microcomputer is roughly
$6,000, although an Apple II can be bought for about half this 
amount. 
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APPENDIX A
 

WATER AND SANITATION FOR HEALTH (WASH) PROJECT
 
ORDER OF TECHNICAL DIRECTION (OTD) NUMBER 105
 

July 18, 1982
 

TO: Dr. Dennis Warner, Ph. D., P.E. 
WASH Contract Project Director 

FROM: Mr. Victor W. R. Wehiman Jr., P.E., R.S. 
A.I.D. WASH Project Manager 
A.I.D./S&T/H/aS 

SUBJECT: Provision of Technical Assistance Under WASH Project Scope of 
Work for USAID/Ecuador 

REFERENCES: A) QUITO 2443, 7 April 82
B) Memo Olinger (PRE/H)/Plehman (S&T/H), 21 April 82 

C) WASH telex no. 207, 27 April 82 
D) QUITO 3341, 12 May 82 

1. WASH contractor requested to provide teqhnical assistance to USAID/Ecuador
 
as per Ref. A, para. 2, 3 and 4.
 

2. WASH contractor/subcontractor/consultants authorized to expend up to 28 
person days of effort over a 3 oonth period to accomplish this technical
 
assistance effort. 

3, Contractor autiorized up to 21 person days of international aii/or 
domestic per diem to accomplish this effort. 

4. Contractor to coordinate with LAC/DR/Hd (P.Feeney), LAC/DR/ENGR 
(Rod lacDunald), and Ecuador desk officer (R.Lindsey) and should provide 
copies of this OTD along with periodic progress reports as requested by S&T/H 
or LAC bureau personnel. 

4. Contractor authorized to provide up to two (2)international round trips

from consultants home base through Washington (for briefing and demonstration
 

of soft,.are to WASH CIC staff) to Ecuador (Quito and Guayaquil) and return to 
home base through Washington D.C. (WASH CIC for debriefing) during life of 
this OTD. 

6. Contractor authorized local travel within Ecuador as necessary and
 
appropriate to meet mission needs NTE $400 without prior written approval of
 
AID WASH Project Manager.
 

7. Contractor authorized to obtain local secretarial, facilitator, 
professional, graphics, or reproduction services in Ecuador as necessary to 
a(:com, lish tasks. These services are in addition to the level of effort 
specified in para. 2 and para. 3 above NTE $1,200 without prior written
 
approval of AID WASH Project Manager.
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8. Contractor authorized to expend up to $1,600 for training materials, 
software demos, supplies, workshop materials, and/or print/support services 
associated with workshop.
 

9. Contractor authorized to provide for car or vehicle rental in Ecuador, if 
necessary, to facilitate effort. Mission is encouraged to provide mission 
vehicles, if available. 

10. Contractor wili insure availability of appropriate Apple micro-computer 
equipment, accessories, software, and training aids for workshop needs. 
Appropriate shipment as carry-on excess baggage is authorized to facilitate 
air movement from U.S. to Ecuador if local Ecuadorian Apple micro-computer 
equipment not available for contractor team and timing. 

11. Contractor will insure that a detailed workshop training agenda/curriculum 
is provided to WASH CIC along with a copy of all pertinent software/ 
documentation before consultants authorized to travel to Ecuador. These 
materials should be specifically referred as primary references in WASH 
Project Official OTD file. 

12. Contractor's consultants are authorized to lecture, or to operate Apple 
micro-computer and various software packages in either demonstrations o~r 
training sessions with the Ecuadorian workshop attendees.
 

13. WASH contractor will adhere to normal established administrative and 
financial controls as established for WASH mechanism in WASH contract. 

14. WASII contractor should definitely be prepared to administratively or 
technically backstop field consultants and subcontractors. Contractor should 
secure cable commibent from USAID/Ecuadorindicating that the USAID is 
prepared to insure and expedite customs clearance in and out of Ecuador of all 
micro-comlputer carry-on baggage and associated software. S&T/H/14S WASH 
Project Manager will then allow consultants to enter into international travel 
for the purprose of the scope of work defined in Ref. A. 

15. Contractor to provide final workshop report within 30 days of return to 
U.S. with observations, discussions, recoimaendations, and conslusions. 

16. Mission should be contacted immediately and technical assistance initiated 
as soon as convenient to USAID/Ecuador and GOE.
 

17. Appreciate your prompt attention to this matter. Good Luck.
 

-13­



----- 

t t4 

QUITO, 	 43
PAGE- 01 -'~4 224 0792Z4~&~ 1.17906512 410A239Z4,~ QUITO 07225--02443 917lA125 
AIT35)4 JACTION'.4i 4 4-:''4 

ACTIOIVOFF ICE LAcA03_441 	 444 24 ~ < 4~ 4 '.. ~ A, ~44~~4~444 

I~0LAAD!P- 03 LADR-03 PPCE-031PDP l tf f!03H-4A 0
 
STUD93EIG.0
01D9~R*O DAEN-H iO1 AST;9I-1 
1 I- A 

4 ~4 
INO_0CTO0ARA316-AfAD-21.--4fc, ke 1,m-2 W 

R 107 17 26Z APR12 4~44 	
4 4 

'FWiAIEIBASSY QUITOI 
... . ...44 . 4' , ,. "f.... .#44y4v..4..... 4444 >;4 !44,4444	 , .> 44 4 	
- 41'4 

TOJSECSTATE 
WASHOC '3910O UT T~ YA "I4T~' 
' ' 

UNCLAS QUITO 7'l'l-,1 ASS I2443> ......... 	 -­i2.... . .. . . ... . .................. ............. .................. .......
 
AIDAC 	 - 444'444~.~-

4-	 ' 44- 4~.444 

_ 7Ei O-12O65:-'N/A 
- ' -- ' >4­* 	 SUBJECT: WASPROJECT ASSISTANCE-4 

--

' > 

M,
fISSION HAS RECEIVED A REQUEST FROMlTHE CIVIL ENGINEERING '
 

SO:.IETY OF IRE FROV IN.EOF GUAYAS TO ASS;STANCE4 N
FrOVIDE '111I
THEPRESENTATIONl OFONEOF,ITS EIGHT WEEK-LONG SEINIARS,* . 44 

-' ~ 444 

BASED ON rIIS:IOFIURGAN DEVELOPMIENT. OFFICER MILLER CONVERSA- '4. 

TIONS IN JAkUARY.III WASHINGTON WITH PRE/H.OLINGER AND *j- . ­
-- WASH MISSION THE WASHPROJECT.-

-4 'IM BEVERLY, REQUESTS 
>- *'*:--

AS THE SOURCE OF THIS ASSISTANCE3l 	 -4- - : -: - - - 4. 

2. AS PART OFI TS PROFESSIONAL DEVELOPiENT PROGRAI, 'THE -	 , : :,*,* 44,- * 

SOCIETY HAS SCHEDULED ATRAINING SEMINAR FORTHE WEEK OF'
 
AUGUST 11-17 ON THE OF 'COST EFFICIENCYIN THNE -,
OSUBJECT 	 ':.-- - " 
DESIGN AND IMPLEMENTATION OF 5ANITARY ENGINEERINIG FACILITIES' 
 ~.-	 4., *,*.- -- ' 
IN DEVELOPING COUNTR IES. THE SOCIETY HASTSPECIFICALLY .: ' 	 4 I 

7 :,*¢ , DR*EQUESTED THE ' " • 	
­

i': PARTICIPATIOI OF 	A DR. DONALD . LAURIA FROMI' • . - : . ', 4*4t4 
THE'DEPRiTMENT OFENVIRONMIENTAL' SCIENCE AND ENGINEER LUGOF.
 
THEUNIVERSITY OFI;O;TH CARCLINA IN 'CHAPEL' HILL. WE.UIWQERA-,"
 
STAND OR.LAURIA THROUGH 4 .. 
IS AVAILABLE WASH,TATANECUA-	 2 ' 
DOREAN COLLEAGUEOFDR.LAURIA HASRECOMEIJED HIM, 	 AND>
 

4
THAT 7T4ESOCIETY WOULD BE PARTICULARLY-PLEASED IF DR.
 ' 
LAURIA COULD CONDUCT THE SEMIINAR. 44 

4 .. >' 

* 
 THESOCIETY PROFESSIONAL 	 ­
~~3. IS A LARGE, ASSOCIATION WHOSE .-. 	 -

ENGINEERS 	
--

MIEMBER 
7 { : : ¢ € b r s 

ARE 
{ 

ACTIVE IN ALL PHASES! OFTHECONISTRUC-	
--

; 7 { ; ; 	 : L7 ; ; 4 4 4 7;; ! ;. "4
44 	 4,1 7 <']44:f : , k ; i 7 ; ,{ L 3~TIONCUSINEQS TIIROUG'IOUT THECOUNTRY, LOW-CSINCLUDING 

HOUSING PROJECTS OF60[ HOUSING INSTITUTIONS. IN THE N 
444 CONTEXT OFUSAID'S S7RATEGIES OFTECHNOLOGY TRANSFER, IINTE-

- GRATED DEVELCP. FO TH4PIVT 
44URBAN !ENT,411D 

SECTOR; l1IZSIC.'i WOULDOLIFE TOBE.RESPONSIVE TO THE SOCIETY. 
-UPR 

-- CONSEQUENTLY, I1ISS10~ REQUESTS AID/U PURSUIT 	
4 

OF;WASH SUPPORT-------­
4 ~~AN.'THE
PARTICIATIOJ OFDR.LAURIA,. 
 .--

-

4,THEPARTICIPANTS WOULDIN THESEIMINAR BEAPPROXIMIATELY 
208 VICIL 	ENGINEERS FROM THE GUAYAQUIL AREA. THE LOCALE . 

4 AND LOGISTICS WOULD-BE PROVIDED BY THE SOCIETY, INCLUDING
 
REPROOVCTIC1N MATERIAL.OFCOURSE THETRAINER WOULDBE 

4 'EXPECTED TO CONDUCT OF FOUR A DAY0N THESMIIiAR HOURS 4'44 
* 	 SUBJECT OFEFI ICIENT SANITARY ENGINEERING DESIGN ANDTECH-


NOLOGIES. DR.LAURIA APP 'RE'3LYHA3GIVEN 
 SUCHASCOURSEAND
 
E :OITLBH4~L ; F .;IHE9 INFOFMIITIN CI;:FECIFIC^, OF 

TOPIC: TOCECCtll.P!O, 

rI:I:1. ;Uo FP11:Lg3; WITP 01. tl:I6, fT" E4A-D O'ITHE 

SOCEC?',I;~1ICIVOJLOI I~r HIS,T: EE SAIITFIED 

tvr, ICIPA; I* ,. IF-tE >*3i1 .J!L F'.C, A ..I1II PLV4-­

.. . ,t1. 	 !('d3~ I r i ' I.LL' E.V 3LL 

E. 	 : 4iac~/̂ :1:i PO..I CL I
 
7"r... ....
1C',".E~	 -.. ., .* 4 4t ;: > 44,S4 - -444 l44 4 l444 

7,:,:~~~, 4:44 7 	 ; ; 77 :: " 4444444 444444i 444i,..+. , P 4 7{ IL 	 ]{; 
4 

4< 44 	 7 - t : :. 't4. . .. .>44] . ,44 . . ..4<.4>444444 .	 . 4444444444 ... 	 4 ,.44. .4 4: . . . . .47 .~4 4 -4 > .. .4 + .' 1. .. . !:f<44444 4774444.4<444.44<4 	 .... ......4444444 4 4 44+4 	 74 44'4': 44444444444-4 >4< -4444444444 4 	 {;i44444J ,4444' )-444444T>'7UI L[ iP {,I F I D 



UNITED STATL INTERNATIONAL DEVELOPMENT COO(.AATION AGENCY 

AGENCY FOR INTERNATIONAL DEVELOPMENT 
WASHINGTON. D.C. 20523 

April 21, 1982
 

MEMORANDUM
 

TO: S&T/HEA, Victor Wehman
 

FROM:' PRE/H. Davia Oinger jT- - ' 

SUBJECT: WASH Technical Assistance to USAID/Quito
 

Attachea hereto is a telegram from USAID/Quito requesting WASH assistance
 
managing a 
week long seminar on cost efficiency in design and implementation

of sanitary engineering facilities.
 

The 	services of Dr. Don Lauria of the University of North Carolina are

specifically requestea since his work is known to the sponsoring Civil

Engineering Society and he has worked on WASH assignments previously.
 

In a phone conversation today, John Miller, Housing and Urban Development
Officer in Quito requested an early indication as to whether it will bepossible to meet this request, since the Civil Engineering group is quite 
eager to finalize their schedule. I have, therefore, taken the liberty of 
discussing this matter with David Donalason of WASH. 

Although the dates proposed are inmid-August, an early response as to the

availibility of Dr. Lauria woulo De apprecia-te-a by all concerned.
 

Attachment: as stated
 

cc: 	USAID/Ecuador, J. Miller
 
WASH, D. Donaldson
 
PRE/H, P. Vitale
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ACTION UNCLASSIFIED Stt TN RMNG
 
COPY epartment oj'State TELEGRAM
 
PAGE 01 OUITO 03341 171543Z 5332 093356 AID5107
 

ACTION AID-35
 

ACTION OFFICE STHE-01
 

INFO LASA-03 LADP-03 LAOR-03 PPCE-01 PDPR-01 PPPB-03 PPEA-01.
 
HO-04 AAST-01 ENGR-02 RELO-O TELE-01 MAST-01
 
/026 A1 417
 

INFO OCT-00 INR-10 EB-08 ARA-16 AMAD-O CCO-00 PASO-00
 

/070 W
 
- ------------------ 001170 171612Z /51 38
 

R 121954Z MAY 82
 
FM AMEMBASSY QUITO
 
TO SECSTATE WASHOC 4304
 

UNCLAS QUITO 3341
 

AIDAC
 

DIRECT RELAY
 

C 0 R R E C T E D C o P Y (FOR DIRECT RELAY, PASSING)
 

FOR: WEHMAN, ST/HEA CWSS; OLINGER, PRE/H; VITALE, PRE/H
 

E.O. 12055: N/A
 
SUBJECT: TELEGRAM RELAY
 

TO: DONALDSON
 
WASH COORDINATION AND INFORMATION CENTER
 
1611 N. KENT STREET, ROOM 1002
 
ARLINGTON, VIRGINIA, 22209
 
(PHONE 703 (243-6200))
 

REF: COMMERCIAL TELEX 4/27/82
 

1. SUBJECT: YOUR CABLE 207, RE DR. LAURIA.
 

2. MISSION HAS DISCUSSED WITH GUAYAS ENGINEERING SOCIETY
 
THE POSSIBILITY OF MOVING THE DATES OF LAURIA'S COURSE
 
FROM AUGUST 11-17. UNFORTUNATELY, DUE TO PREVIOUS
 
SOCIETY COMMITMEr.TS, IT IS NOT POSSIBLE. MISSION
 

THEREFORE RECONFIRMS CUR REQUEST FOR AUGUST 11-17 AND
 
ASKS WASH PROJECT FOR CONFIRMATION.
 

3. LAURIA SHOULD PLAN TO MEET WITH MISSION IN QUITO
 
PRIOR TO AND AFTER COURSE. FOR YOUR INFORMATION. AUGUST
 
10 IS AN ECUADC,-EAN HOLIDAY SO THAT LAURIA SHOULD MAKE
 
TRAVEL ARRANGEMENTS TO BE IN QUITO AUGUST 9.
 

4. PLEASE SEND COURSE OUTLINE AND LAURIA RESUME, IN SPANISH.
 
TO JOHN MILLER, USAID, QUITO, APO MIAMI 34039.
 
YOULE
 

NOTE BY OC/T: PASSED ABOVE ADDRESSEE.
 

UNCLASSIFIED
 

http:COMMITMEr.TS


APPENDIX B 

Itinerary 

Date Day Place 

10 August Tuesday Chapel Hill to Guayaquil 

15 August Sunday Guayaquil to Quito 

17 August Tuesday Quito to Chapel Hill 
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APPENDIX C
 

Officials Contacted
 

Colegio de Ingenieros del Guayas
 

Carlos Balladares V., President IX Jornadas
 
Pablo Baquerizo N., President CIG
 
Carlos Oporto C., Course Coordinator
 

AID-Quito
 

Herbert Caudill, Jr., Coordinator AID-IEOS
 
Kenneth R. Farr, Chief, Office of Health
 

Escuela Politecnica Nacional
 

Enrique LaMotta, Professor Environmental Engineering
 
Gonzalo A. Ordonez, Professor Civil Engineering
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APPENDIX D
 

Course Outline 

Guayaquil, Ecuador
 

Wednesday, August 11, 1982
 

Morning (2 hrs.)
 

Analysis of Cost Data
 
Regression Analysis
 
Determination/Interpretation Economies of Scale
 

Evening (4 hrs.)
 

Regression Analysis of Data
 
Optimal Design Periods
 

Thursday, August 12, 1982
 

Morning (2 hrs.)
 

Design of Branched Pipe Networks
 
Linear Programming 

Evening (4 hrs.)
 

Use of Computer for Designing Branched Networks
 

Friday, August 13, 1982
 

Morning (2 hrs.)
 

Design of Loeped Pipe Networks
 
Design of Pumping Stations
 

Evening (4 hrs.)
 

Use of Computer for Designing Looped Networks
 

Saturday, August 14, 1982
 

Morning (3 hrs.)
 

Design of Multipurpose Reservoirs
 
Illustrative Reservoir Example 
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THE ENVIRONMENTAL
 

ENGINEERING DIVISION
 

MODELS FOR CAPACITY PLANNING 

OF WATER SYSTEMS 
By Donald T. Lauria,1 M. ASCE, Donald L. Schlenger.' 

and Roland V. "Ventorth,-1 A. M. ASCE 

INTRODUCTION 

It is common practice in the field of sarttarr, engineering foi designers to
provide capacity in w-.ater s.stems beyond that needed for satisfying immediate 
requirements. Facilities are usually sized s;i th sufficient capacity to meet 
anticipattd flows several years in the futuce. The period during which facilities 
are expected to have excess capacit. :,called the design period %hich is sometimes 
as short as 10 .rfor treatment plant, and -is long as 50 yr or more for pipelines > 
-nd conduits. 

Sanitary engineers are well equipped with standards for selectingdesign periods. M
In the past 10 %,r-15yr. however, these st.ndards have been seriously questioned, 
and a number of mathematical models have been developed in the search for x 
more nearly optimal designs. The underlk:nu concept of the,,e models is that m
the amount of excess capacity to be provided is a function of the tenion between 
economies of scaie and social time preference as reflected by the discount 
rate. On one hand. economies of scale make it attractive to build be, ond immediate 
needs as incremental costs are proportionatelr small: on the other. society is 
disinclined to tie up -alu:ible resources ;n fatciitre that remain unproducti,,e
for long periods of tim_. The models revead that onl. afier careful consideration 
of these tsso factors can proper design periods be selected. 
Among saniiar., engineers. L,nn 0) a,' ,cof the f;: .ito addres the prol ,cm 

of optima! scale. His %ork%%aspreceded. hossever. hv Chener, (l" who developed 
a simple model for determining the opi,"mal scale of capacity, expansions.
Chenery's model was refined and extended hr Manne (6j v.hose work has received 

No!e.-Disctssion open until Septembc- Ii7 To ecnd the clo~ing date one month,
a ritter. requc, mut be fi!cd %ith ".-Editor of Tc.Ihncai P. ibli c,ton,. ASCE Thi. 
papcr is par' of the :opr ric:ed bourn,.: of : ',rnenta)Lneincerini, Diloian.Pio,:cedings of the Ame-i,:an Socit'.. of Civil Erugincer,. \ol. 03. so EEP..prl. 1977.Manucript was submitted for reie-s for po-slr-, "e2u: pubti,,:;)n On ,r 1976. 

A' oc. Prof.. DeXpt. of EmironmeniL S.. -nngrg.. Lnt,. of North Carolina, Chapel
Hi. N.C 

'Spc,:il Piojecz, Eng; - H .kcci... \k er (otr( \ku :-,--...n N 1.
EnsironmentanEn.. Can-. Drcser and Mkee. 1:.c. Bo:oin. MaN-s 
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.,.:' ,l h .- : at c..,..t function :N c , 2 vcprc.cuc b,. 
Eq. 1. the eo!,i o tii prCsent %:iue pcn,:tx and contruction oStS 

for in infinite le horizon i, 

IJ - -l ti- exp (-ry) k(D, + v0 Di"t -Dt x 
J 


k(xD) 

- exp ry- x, ..................... (12) 

I- exp t-rx') 

of which are nrc.'ent value initial construction and 

expansion costs. respeetielv. Optimal values of the decision variables can be 
found b.,ssetting the appropri..% partial derivatives of Eq. 12 equal to zero 
a n d so lk in s. 

The derixa',.e %ith respect to x results in an expression identical to Eq. 
.\anne'; model. ith ie,,ults 

the second and thi~d terms 

r of exian>ion The de -,kativerespect to ki in 

Eq. iS Ahich is equi.alent to Eq. S obtained b, Thomas for the Initial Deficit 

Mode! but slightly different in srmbols: 


rk(xD) 


- :DaIkD, Dv- Dx ] =exp (-rx* ................. (13) 

- exp (-r.) 

Note on the left side that Dy has been added to the term in parentheses to 
account for increasing demand during the initial years of deficit. The interpretation 
of Eq. i3 is unchanged from that presented for Eq. S. but it applies at time 
t = v: i.e.. the initial project is optimally scaled \%hen the incremental cost 
of providing one more year's capacity is equal to the present value of annual 
interest cos:s of all expansion_,discounted to y'ear y'. 

The optimal waizing period is determined from the derivative of Eq. 12 with 
respect to y.The resulting expression is cumbersume; 

rk(xD)" 


p( Dx) = rkAD,, + Dr" -Dx,) +expI-rx,) 

I- exp I- rx) 


Da fkD vt D. J . . . . . . . .......... ....... (41i. 


Note. hc'.x cx.r. that the last tw.o terms on tileright-hand side are identical 

to the richt nd left-hand term; of Eq. 1l. except for the astcri.. s. If the 

initial project isoptimail, timed and sc.led (i.e.. if ' - in Eq. 13 and 

v, = \,*in Eq. 14). then the last two terms- of Eq. 4 ire equal and can 

be climinated becatne they are different in sign. The resulting optimality condition 

is / 

p D, -Dy ) = r [k(D . Dv - Dx l')"].............. ... . (15) 


This complete, development of the optim;ilit, conditions for the Waiting Period 


\iodel. 'Ihe optimal design period of expansions x' can be calculated from 

Eq. 5. ol approximated from Eq. 6 gi. en values for r and a. The optimal 

tinin.. s" and design period of the initial project. V . ciii he deteInined 

by sox '. I":Ind il
zi I-- 14 sinultmeousI as,shos, ii -\ppendi\ I given \Ies 

fo; A . n ). 0, and I i ho-sever. i' difficulit aid of ueqine-
. 'n. use nimerical 

tChIr1.nmqr, 1ind thic electronic computer. 


EE2 WATER SYSTEMS 

cfoiv pe.cnnei n a ppro0im:tin.g equation for the optimal waiting period. 

it ueIful to ex tmine Eq .. U-e c,,nJition that must be met if the waiting 

and design periods of '.he initial project are to be optimal. Note that the term 
in parentheses on the ieft side of Eq. 15 i-,the rate of unsatisfied demand 
at t = v.the tin,c of initial project construction: multipl ing hy 17ie--ults in 
the rate of penait',co!st accrual at t = v, with typical units in dollars/year. 

The right side of Eq. 15 is the annual interest cost of the initial project. Thus, 
Eq. 15 says that construction of the first project should be delayed until its 
annual interest cost is equal to the rate of penalty cost accrual. 

Eq. 15 can be rearranged to provide useful insights into capacity planning. 

Solving for y'" re'uits in 
r kD, - Dy. - Dx'r I D,. 

V- = - ---. .. ... ... .. .. .. (16)
 

D 
-Ahich ,howk that the optimal waiting period dccreases as the penltty price. 
p. inic.es. i.e.. ifthe cost of impurting w,ater from a neighboring community 
is high. or if the social loss from letting demands go unsatisfied is high. then 
local facilities should be constructed sooner than if p is low. The value of 

p for which no waiting is optima; tdenoted i5ican be found b\, setting v* 
= 0 in Eq. 16 and solking; the resulting expression is 

rAtD, + Dvx,* 
P. D . .................................................... (17)
 

D
 
Note that Eq. 17 applies to the Initial Deficit Model of the previous section 
since that model is identical to the Waiting Period Model with v* = 0. Should 
the planner. then. use Thomas* model for determining the optimal scale of 
a project and decide to buil! at t= 0. a penalty price of fi would be implicitly 
assigned to each gallon of unsatisfied demand. Eq. 17 piovides the means for 
imputing ,: note that it is simp!v the product of the discount rate and initial 
project cost divided by the unsatisfied atc of demand at the time of coastrucaon. 

Values of p greater than p:result in negtixe 'Aiting periods. If - is negative, 

would have been optimal for construction to have taken place sometime in 
'he past tie., before the start of the planning period). Since this is obviouly 
impossible. implernenation shouild take plice att = 0. If. losscxci. the aciuil 
penalty price is less than ji. construction should be delaed. the optimal az. unt 
of del.y v can be calculated from the simultaneous solutioq of Eq,,. 13 and 
14 as show n in Appendix I. Alternatively. an estimale of * can be obtained 
from 
' o F ri . .. .. .. ... .. .. .. ... .. .. .. .. ..... 18 )
 

kD"
 

in %hich F = .. ............................. (19)
 

pD 
" 


= 0.012 a- r .......... .............................. (20)
 
. . ..
 

..
 

Note that one of the independent sarilrl!es of Eq. IS is F. defined in -q.
 
I'): F i,,identical to the 'penalty factor" employ ed b\ Erlenkotter (2). Note
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- ermine . v from Eq 24. xais ;t;eneeded for .!. - 11! 1 1 r = annual di,,count rate: 

A (act-al! '. c:. be obltaincd from Eq. 5. AIcevALuCs for r and a. and r = time: 
F Cino cvaluated fiom Eq. 19. given alues for k.D. a. and p. E%en with x = design period of expansions; 

sci data, Eq. 24 cannot be soled explicitix for x, inthis study, Newton's x* = optimal design period of expansions: 

method sAAi used for solution. Once is evaluated.. can be calculated x. = elapsed period: 

from Eq. 23. xI = design period of initial project; 
x*, = optimal design period of initial project; 
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APPENDIX Ill.-NOTATION 

The following svmbols are used in this paper: 

a = economy of scale factor: 
C(xD) = contruction cost of system xsith capacity xD: 

D = annual rate of dcmand increase: 
D,, = initial unsatisfied rate of demand: 

F = penalty factor: 
k = cost of 'x stem with unit capacity: 
11 number of expansions: 

1) - pcnalt cost of un,tisfied demand: 
= implicit penaly cost associited with no waiting period: 
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ABSTRACT
 

SPSS is a computer package which provides a wide variety of statistical
 

services. Of greatest interest to us is the "regression" feature, which
 

allows us to develop and compare different equations describing dependent
 

and independent variables from input of raw statistical data. In the
 

following example, statistics from 16 network designs are analyzed to
 

develop relations for
 

1) Cost as a function of length and average diameter,
 

2) Cost as a function of tap spacing and per capita flow,
 

3) Average diameter as a function of per capita flow and network length.
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2 

RAW DATA 

R Q L C 
Service Per Capita Network Average Cost in 

Radius (m) Flow (LPCD) Length (m) Diameter (mm) $1,000's 

100 20 1450 59.0 26.7 

100 50 1450 88.0 37.4 

100 100 1450 110.5 46.4 

50 20 3007 42.6 44.4 

50 50 3007 61.2 58.1 

50 100 3007 79.8 72.9 

8 50 10788 35.6 142.1 

8 100 10788 43.0 160.6 

100 20 2080 45.8 31.9 

100 50 2080 66.8 42.2 

100 100 2080 85.8 52.8 

50 20 3780 35.4 49.8 

50 50 3780 50.8 63.0 

50 100 3780 65.2 76.8 

13 50 12580 34.4 159.5 

13 100 12580 42.7 184.9 



MODELS TO BE TRIED
 

A. Cost as 	a function of length and diameter
 

= 1) C K + 	 aL + aD 

a
2) C = K LD [for SFSS: In(C) = ln(K) + a ln(L) + b in(D) 

aL bD3) C = K e e [for SPSS: In(C) = ln(K) + aL + bD]
 

B. 	 Cost as a function of service radius and 2er capita flow
 

K Ra
4) C = Qb (for SPSS: ln(C) = ln(K) + a ln(R) + b ln(Q)]
 

= 5) C K e [for SPSS" ln(C) = ln(K) + aR + bQ 

C. Average 	diameter as a function of per capita flow and network length
 

Lb6) D = K Q2 [for SPSS: ln(D) = ln(K) + a ln(Q) + b ln(L)] 

D K eaQ ebL [for SPSS: ln(D) = ln(K) + aQ + bL 
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4
 

SIMPLIFIED REGRESSION INPUT INSTRUCTIONS*
 

"CARD NUMBER" 	 Represents the order in which the data is to be read in,
 
and does not itself appear on the card.
 

"CARD NAME" (where shown), indicates the name of the SPSS function,
 
which must appear in the first 15 columns of the card.
 

"CARD INPUT" 	Rerresents the instructions which are supplied by the user
 
to the program, in columns 16-80 of each card.
 

Card 
Number 

Card 
Name 

Card 
Input 

1 RUN NAME The title the user wishes to appear on 
the output for identification of the run. 

2 VARIABLE LIST The names (up to eight characters in 
length) of the variables in the raw 
data to be supplied. These must appear 
in the same sequence as they appear in 
the data. Variable names are separated 
by commas. 

3 INPUT MEDIUM The form in which data will be read in 
(CARD or TAPE or DECK or OTHER). 

4 N OF CASES The number of complete observations input 
as raw data. A "complete observation" 
consists of a set of dependent and 
independent variables. 

5 INPUT FORMAT The format of input data. (FIXED or 
FREEFIELD or BINARY). FIXED format 
indicates data will appear in fixed 
fields, which must then be specified 
(e.g. FIXED (FlO.5, 15, F8.2)). 
FREEFIELD implies that data will be separated 
only by commas. 

*More complete documentation is available from Statistical Package for
 
the Social Sciences by Norman II. Nie, C. Hadlai Hull, Jean Jenkins, 
Karin Steinbrenner and Dale H. Bent. (McGraw Hill, 1975).
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Card Card Card 
Number Name Input 

6 et seq. COMPUTE (optional). If variable transformations 

are desired, they must be specified here. 
This is done by writing an equation in 

which a new variable name is on the left 
side of an = sign, and the transformation 
of the input variable is on the right side. 
Examples and specifications of these 
transformation functions are attached. 
A new COMPUTE card must appear for each 
transformat.ion. 

7 et seq. REGRESSION The variables (both those input and those 

developed in COMPUTE statements) which will 
be included in regression equations described 

in cards 8 et seq. These are listed to the 
right of the expression VARIABLES =, with 
variable names separated by commas. If these 
cannot all fit on one card, then the first 
line should end after a complete variable name 
and comma, and the remaining varaibles may 
be listed on the following line starting in 
column 16. A SLASH MUST FOLLOW TIHE LAST 
VARIABLE NAME. 

8 et seq. (regression design The proposed regression models to be 
card. No name is examined are typed in columns 16-80. These 
entered in the are specified by writing REGRESSION = 
first 15 spaces, dependent variable name WITH independent 
however.) variable 1, independent variable 2, etc. 

(e.g. REGRESSION = Z WITH X,Y). These 
cards must follow immediately after the 
REGRESSION cards (card number 7 et seq.). 

A regression design card is required for each 
model. A slash follows all regression 

models except the last. The mode of the 
regression must also be specified.... 
see Note 1. 

9 et seq. OPTIONS (optional.) Additional manipulations of 
data or output which may be performed. 
These are identified by number. A list of 
these options is attached. 

10 et seq. STATISTICS (optional.) The additional statistics 
besides basic regression data (regression 
terms, r2 , F-tests, standard errors, 
etc.) which the user wants. A list of these 
statistics follows. These optional 
statistics are listed by number. 

11 READ INPUT DATA No card input required. This card simply 
signifies that the data follows. 
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Card Card 
 Card
 
Number Name Input
 

12 et seq. (no name) 	 The raw data being input for analysis,
 

in the sequence and format specified in
 
the VARIABLE LST and INPUT FORMAT cards.
 

13 et seq. FINISH 	 No card input. This signifies the end
 
of the program.
 

Note 1: 	 There are three ways in which SPSS can perform regressions: 
simple regression, hierarchical regression, and stepwise 
inclusion subject to statistical significance. 

In simole regression, all variables are introduced into the
 
equation simultaneously. This is signified by following all
 
the variables on the right hand side with an even number in
 
parentheses. (e.g. REGRESSION = Z WITH X,Y (2)1).
 

In hierarchical regression variables are introduced stepwise
 
so that models using less tha all of the variables are
 
developed. Each variable is fol lowed by even numbers in
 
parentheses, with the higher numbered variables introduced
 
first. Thus
 

REGRESSION = Z WITH X(4),Y(2)/ 

will develop two regression equations: Z = f(x) and Z = f(X,Y).
 

In stepwise inclusion subject to statistical sinificance, variables
 
are introduced sequentially at each level of inclusion according
 
to the fraction of variance they explain, and subject to the
 
satisfaction of statistical significance tests specified by
 
the user. These tests are indicated immediately after the 
dependent variable and consists 	of the maximum number of 
dependent variables, the minimum F-test acceptable, and the minimum 
fraction of a variable's variance unexplained by previously 
entered variables. 

For example,
 

REGRESSION - Z(4,5.2,.2) WITH A(5), B(5), C(3), D(l), E(1), F(l)/
 

indicates that
 

(1) variables A & B will be c'zaminecd first, then C, then D, 
F , and F. 

(2) a maximum number of 4 independent variables will be 
considered In a regression equati-on. 

(3) Independent variables will only b entered which have 
F-test values greater than 5.2, and 

(4) That an independent varlable will only be entered if 
at least 20% of its variance is ,ine.:plained by previously 
entered variables. 
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Graphic Meaning Example 

Divlsor VAHX .VAHAiVAIfI3 

, Multiplc.tion VARX=VAHAVARB
 

t- Addition VARX'VAPA#VARB
 

- StiRtrtion VARX V,'.', VAR[ 

* . Fxpon.nlialrnr VAttX - VAIIA , 

In addition to these standard arithmtetic operators, any of the variahles or constantts used in tie 
expression nim also be acted upon hv one of the hollow,ing prepared or packaged functionN,. 

Mnemonic 	 Meaning Example 

' WO T('lAnA)SORT qalXCHrooT VAkl 

LN 	 Na: ur. II r VAfX- L '. AI ) 
N;itr ian hnr;a.ithrn 

LG I0 a,. 0 logJarithrm VA !.4X.- LC, 11": ,', 1 ) 

EXP [ ,r . lia (,
a r q V, ;X, i '. Ar., 

, iVA iA ICOS 	 C , VA R: +C 

A,, t 	 VA H - A) AN VA, A)ATAN 

-IND 	 Rood tisutt to VARX-Rr!D(vA RA4VARC/6) 

,-, ol-. r jroac 

ABS 	 At-;oluIe value VA)X- ABS VAtA) 
11nn,"usign} 

TRIUrC 	 [,,tcae vaue VAR > i RUNC)i VARA) 

.h,thnurnber 

vo.'ihnut rounding) 

MO~t 0 Re .ilt i rernainder VAR MrC) t 'l VARf " 

of awis:ioo by 10 

tArgurreH0 t, in rijdj s 

In order to make use of the ahove functions, it is necessarv to follow tile innen onic of t, 
functioni \\ ith an e\pression entirely enclosed inparentheses. The pairenthesiZCd e\preCssiotl i. 

be the iame of a si.le variable, or it mav be atmore complex exp'ession cOIltanillill.e ole or iOCle 

variable naines and/i 1r C0I1SitRIl,. 

The COMPUTIE card, like most other SPSS cuds,,, tmv be contintied on siccess ecards 

il the litile "tatellient Cainiot he cotmpleted ot otle ph,.ical card. Whe this is the case. cOILttlt 

I to 15 of1 ,ucceedinU cards ;ac' left blank. and the ret Of IlW SItlciltICIt is C itlelted it Colutlit ls 

16 to 80 of as man caids as needed. 
The CONIPUT. 	 control card. unlike man+,. (ther SI'SS C.rds, iIta contain fimtore tha 

one transfortmation houl i tUat1sli11tiotl Ill,5 ;IkC it0t+than Oime physical card to complete. 

E,'",i new statement mLIst h2e1i with tile word ('ONl1I1T slartitle it cohnluit I of tie control 

field. For these reanso' i i ioi (n'rec.a like I/1,m1,holtilt .to 11 (lrd 

1 16
 
COMpLTE Ni vAeVAPA-vAkriV 
 FIRST AR-NEkVAP/VAr VAkO38i-IRSTVAR 

/IVAeO29-i I 

The use of this card woulid caUtle e run to he teItlllltlaed ailild nillertiir niessa e Iihe reporled 

When generatling variable transitirnatimots hy mians f tihe card. tlhe ucr iecdCONIPUT.J 
not be concerined \, ith the imitoilt oh space (i.e., the numtber oi dcits) takci up b\, the tesuilts Of 
the transtormation ince sp:k-e is attlnlaticaill\ pII" hled b, lie '.telti. The ucr shIMld re­

neitler tllait it thc calculated variables ale inicided l kI ol'.stll,11mtills dilid oIIier sic'lh proC' 

dures, there should he a reasotiable number ol ,:ategorics tot colvetitence. [he user has at hand 

the RN ,ind I'R I\('fuilcliotis, which Cons -erIitisei, i.e.. mo1llthers itltiCditt deeminLal frac. 

dols, i) \t hok' iniibers hefore the values iir tll\ )ti1put10t(t ltecise . 

o 
'Note that 0i. h ill iitLorrCL'ti Ctit ol Jrd Ili r nih .im il ink I 
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AI oll t iiit0l I Ile's I;tl ISI it I p lot. ) .,(It r,' lilt., I I, Ic,!)' k,'111 IcS. .111,11c',Itlu'l ISIlfk I I ,Iod I n 
rak-score ((Jw'I-Ind;IIdI!t-d) folill AISo lptcd ]I, On- Y QNVNI (it Citoll Cil!,C, kkilld) I,. Ow 
SN UCII(T 11011111cl 111 :1 clm* ;IS 114)o( l III OW lilt' I IW '11Q'Sl All IS hN SPY-; tild Is 
us'-d 'ISlilt- vvilical d illn-o"lon (,I the I [11''t I (I flit' ll(!II\ l1w il Ill", I' fit. 
(lit! IINCI "hould .111CIIII)i Io w il I I,.vS ;illiiq w !,I' 111, ilinlril"llill III ! I'll, %h l& . 11111 
Sortillz,-, Caw', Into .1 IIHIC SC(Int'l1kc. III Ci,1111111t. Ow 11'er III 1 ,l (11111" 
dqwmbmc (" dUMOMW Ism K dn dM in w opicnin, lilt' 1)1-'I. the lllii Ohl.1111 OIC 
SOCtillcd Wal,,,oll b" "[w, it\ 111, Y Iir lw S mI ill" ILI A I'thicilIA I IS-1 W ) "Ild 
sampling (11"Illhiltion Jill lilt- Hulhill %V:ItStIII S1,1:1"Ill, ;O(Iin' Ilh I ill ll l1w In 

itul I(11whinill, 1', pitividcd lik, i hihil"I('11 III I., I 
In- Hw 1'('Itlerplot" le(jur led h dic 1-xf mili pirlh, Iz-Il 

va llir , n ix, hi . ;Illip ill (,it thi, [:il, flu llitil All I lilt, I'll 1111t,10 ;1,." 1lim '. )I "t 
le"Ithm)" Ind pwilit li-d I , ;Ijllr, , I ir :; dlcd h _If 11,11, ( );,ok.n , ! I I;ld I If) 
ille ( W I I( )' ,S I lill. It IwIdw i I )p1loll i I w t 12 1, .1w klilt 1. Ilic 1,11.1, Il'it'l fIlI. 
Imitli:', cd, ()I'll. Ill I I 11"t'd .1hil'. I of w"Idwil": )pIlkill I ., 
outpill Ili SImId'Ii'Iu(_d ) "Ill hrl'ill i I 'Ind I.' 1-ycillf-I :.nr'(-. 
blith 'IIIII(I tilh 'c'I Ind 

Ilic dt-l"ult oullml ffimix lor ih, ptc-hi, t(-tl )'' vIihic" v-1111cli oil flit, 
I'lkik oulptil llik. I,. Ij M 0 A 111 (it , %:link. . m I 111.1"Illm ill ()f 
fo llf p m r, )I lk- 1,111:11 , Illd III /: lck klld ( Ju lp ill (IlkIL, ill ljlk I,1.Jk!jJ;Jl1, 
(-;Ili 111: 2,! 1,:. p - III Jill J."', ljj, Ilf"t ill I!w '".,I)I(I fit. 
tl"t:kl !,If Cljll HI), 11 1,111, .I,, (it) IIH I) it- 1111,M AI ;InJ IIIII., x ;J"I)l ) , 
h -r il'ttl it, llim :irl, .? I Ill () Ihc lll ' lvI(-IIII,!rw II;t:d lv!(- file k%;IQV %1 111 'A llillil" I 
N) X. [Ctilk; lintill"'f I)CI III c"Illmll" Iw! 1;) x1d Ow Inq IwIl I'lldl:lLf"I 
(of "Ill'tIlL. Ix . (Il(I%,;IIIIj 11)co lillill, o ;5 

Firw" .'(I 	 )pIn)nS 111,1 iwil [),)fit 
li: 	 Idwlk '11III jllr. lit-w-I Iltwi. lit- millitit, Jill". .11,11CM d" .1duill lol thr fit,! I'tinalli'll. OWli 

hit Ill(-, x llwi 'Ind !,qn) Itic milpill 

Olo IIIIInh( I of 1.11,Illylit, Ow 1111111hel 
,11111 IV Ofik O.fAlUll .:,COW :I'l I'!Iit 

2 Alo: %.diw , i ,ncd tc,,ikhl lk Miki/M ' %,tltll1 11 IhC\ !I:'Inl', IIW ("'i 'I) 
3 lilt-, iim - %,illic" II)i I. Ilhi'll" '111d"'ll ) h " 'IN C 1.1011t, I,, IN Ilk 

IP ) () !Ild '0 1CIIII Ajljt-, 1w . ():"I :h, if(' 111111k Sill, Olo' It"Ildil.1k :1111.1'-AW d IM 
dicit.-d ), %.dIw % m c m ilpill ill hillo . Jill,, 1., (11111'. !CIILIIIIIIII 

4 ,ihlc hiokiiw III", V i If, I Ilid IkTld'il Y;I()I "IdIt'lliCnIS fill 
llk.lll h I !I,- 'U 111111.11% 1, .11,I) file I'till)H I [CLo td IIWIn hCI,k.kcle I I'(plit 1.11 

rc(old .111(lOw :1111111,cf )I !!xi!W
 

20.6 OPTIorm AVAILAME SUBPROGRAM REGRESSION 

HICIC Ill. I opt;,w.. Ivaikill!( "k:111 1-:1f 1%1;.Y( ):: ()II:wIl" tic specified ll 
Off: w-cl ('11 Ir (1110,\ ,t ".11(i pl.t, L"I 1111111rdwick .111cl Jill, pwc(,dtIrC c;Ild. A 110 

) I , I , I ( I N , , I , I , I t I I I t , I I I I , i ! I , , I , - III I I , I I .it ( I : 1 1 ( I I , I I i % , I I I I-1 , I I I I I I I I ' ' I I I II I I I t II ( I t I ; 0 is I i )f 

C S I I (-I I ( 'p ill III'. C , I I I : I I I I lit t I I I I I I I I W I I I 'It I I I I , I I I . I I I I I f ! - - lot) I '. I t. II It -, I , p t I I I I 

U I I I I C I S d I C Ill Ill Hit. e 1,11 1:0. h" k I OWIl.r. hC ;'CIICI .11 IM Md I 'It I I I C 

OPI 1()NS 

Ill OI'll''H I I 
111,1 ijI 1 'tfd 111.1, - 1,'d Ilk-xpalalc flit- rcid-iil, mid'.,i p"ll, I'll,h" 11, 

t-!Iw i fit [Ili- fill, \1 licit p rdit lilt', .110mill'ut. 111.111l't" , 
plilh.116 Ill,( hr I'tillm, 11"Ill Ow '.1111c I'l ( ;RLY'll )", 1 10 stilto 1110) 1.%Ill oll tic Iki-Ill"r) lilt if),' -..fill(! 

http:111111.11
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MULTIPLE REGRESSION ANALYSIS: SUBPROGRAM REGRESSION 9 

16 

OP lIONS number list 

asI1fhe user wishes to specify, say. Options 4 and 9. the card wolild appear 

1 lii 
, ' % 4,,€
' 4 

t should be noted th;at sollie options ma. i),used only wkhen oice )rlnowcOlict oflionrsat also 

,p.'cr lied. [For exanple, Options 5 and 9 presuppose that Option I is al,so spe rItd ()n the ilhibr 

irtd there are sonic options thatm ,acincolmpaltible and may not be Uol in mn (iJIl[I)NS 

, for example. Options I and 21or 4 and 15 may not he ,leciflii for the . run Options,d; 

",)+'yclied onl c:ird ,re in for all VARIABI.IJS Its a .nIR I (1kI-SSI(JNthe OPTIONS cerl'.'t 

,si,,Ir 'litirtll tc prth dtrire c.lrd,StItClCl1S d ol e 

sIihf Inclulde 

cases illthc calculation of corrtelation Cot,,ficii'rt reearitesll,,, I ,ll. rl lsr­

dal Valies MUIch II1l1\ 1bedle'iIcd. 

'IION I lthhlo o l0 mwill l,.Ihis option catiscs ll ,,t-rri.ri t ll 

OPTI'ION 2 lairnv'r dle''lror o/nitvin;(lam. This option cau, p',r ic dICtiConm ()IcscCS 
a, INs.,sin. 

particular ariabl,.,CMaes that ca'se to be eliminiltcd fhoic.cah+lol',ns invol ing 
which contain nis ,ir-data valires. With this option, ,.ilue for a 

h';isiscction should be nscd s, rcarchr has marny 

variables each %.11 Just a few missing ,alles, anld when lI'ts. isc dclction (the 

deaull opltion) kould reduce tire ltblllbel of case" I1;1dcha 

that variablc lon,.. hier ;a 

farther ired. 'ilIe 

number of cascs Irom which rhe degre s of freedom arc calculired is. under this 

Ilairwie deletion oprioI, thellitmnimtl nrl'er ol" C ,s 0 ;ill\ ITcrIlOll 

coefficient required by tie particnhtar REGRIESSION dOsri ater.crit hacd 

0 porn. 
"[le riser ,hourld ic aaiwc that sCriOLI probleirms iraieilt fro ir Il1i 

,
[rairss.ise deletiron, A" a result (11Cotlpitiholh iuiWcciia,. r .1tle coilidelce 

can be placed in multiple reires.,iot. statistics wlicr pair'..isC delCtirn is used. 

Occasioralls, sIucI MattInlics as mnutipIc correl;rtion cotclficicirt, ercater thi 

I.0, or ncLati.e stums of squ;res and /-'ratios, mrc ohliicd V.itlh pairm,ise 

deleliu . :'otiscqueitly, Opti(on 2 is often tI juliicli.d arid s'-Iihl be uscd W'.ill 

extreme catlull. 

When neither ()ption I nor ()iltion 2)ei'tmilt Option-Iistwise I)eletion of Missing Data. 


isspe.cilied, cascs with irissing values are auMIoiatically lr ;.tra.
J f1ru1 all 

CeIlculultion' th, h hriri lst, ise IlCtIon. 'Thus, All rmeans, ,,tsarlird destins. 

and correlations" ire hased on the same universe tfdii. While ,iimplc size may 

be decreasCd rrrakdl', there arc ,ound statisticil cisotll'. for p clrrtril! lit.t, ise 

deletion. its can be seen in the disctis ioti (f par,..i,,_" (fcletron. Ito, ftirther 

liscuIJS)in of tile ,ariumus treatments of missing al,r. mav refer to Sec.the readet 
19.4. 

rnn'l..OPTION 3 Supptrr'miur t lob/' /o/ Selectiotl of i, (,plolr cause, Ilipr',siotl of 

the variable lh 'l,,ott the printed ititput. Whilc rcsurlli , ir :asieiht incrc,, c iln 

procesrmu ,prced. tile absence if varible Libels irikes he otllript less come­

iient to rise, cpecialiy vstler it is to be read h) per.,ons rnlfairmliarr 5.ill the 

lu"'s dilla 

nlmi\ ol currClniotIlleicicrIs 

ieinput b the sr. l)C;iiled specihcutiolls for the input of' a clrchilorl talri\ 

are giern in Sec, 20.4. 

OPTION 4 art. inlml. -IIr,, oplirr ',peciclis that a r \.ill 

oTION 5 Input of tt'tiru%obu t \hio/0rr /.'Vii1r601. [his oltror indlictCs th;r1 m111ns aid 

-'.39­
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Stmidard deleIatitoiis are \to lie rL.;li-Ill plecedilli! the Input . tirrejatioln Iltitri e 
Sec. 20,4.2). ()/qom 5 mall 1)1/1 he' zm' Iwilopfhirn 41is aliu UIi'~. 

0OPTION 6 "/)fUC-mo fl),' kitp biV-.I h/ vol/ni!l \Vileii t1hioption i, sjtcii llscd 1I()II
Ninntiarv tahle pomonitiicth RlG(RI:SSI()N nipm ktil iiie primeitd 

OPTION 7 .Supjniim ol~ il/t At/iihmmmon ib, Wa) l ()ilt, is h ptr i Ml. (sIlde\lieri 
Step-bhy-step portion of [li RI;IRES[SIO\ olnrpir III irnted%I he 

or)riON~ 8 Mafr,i (1111/N. Til, cmsiitsopJtioni [lie timiCImill initri\ () ni llt' IIIuile 

s5, conitroll delinini' l i sm(1iilpiit di.i Wil iiiii' itt jtitijt)d IWeO
teni card 

Appenldis F,F. ('I, or 11). A R,\\\ W )T.II'l I I !NIlF .ini mia- Jilstt IWPeeded ii 

(itis IIliprutei I:4 ja'i-lt i llanl', sis\ ml i tiu,1. ~iis " oh i itil, t 

The ret ilas ()It he m 2 I,, ll MI- 111o i tp li ll:\ k ~ilIIlh( i 111.Ii ( iMIMn iitIt)i c 

St~nrluIl(" 11 FedIS . I) Md(i 1111. h0--. i';.'rc1 strill eujiimtit , 
li it.'ltrl " %c lsin w l a d Ie ,1o l 1,. 1"1b mCiil In (.li / 

OPTION~~~9 i hip tiut otol iAi1IT11(1 7 is III,, \ 111d kislV 

IIc c" .-. O ti n-401-I d a N 111 l 1' l %kl 01 lK- 11 ' 



REGRESSIONMULTIPLE REGRESSION ANALYSIS SUBPROGRAM 

.hwitdolt timo111 (1111101n dlneall anCM1O)PTION 15 Oulya il imv4'i in i huw.' dviia .1d 

tde'. ,Itici"It)(4 e ountputI oil tile faw-outpul-dal'i t ile on18I 10.4 I intat.Stiiiitldl 
,tanidaid devt:n,tnn are output iii sleparante wet. coltI4ulilq, to

Mv1Ctti and 
1t:In~oiseparate \'.\IA,I1I.S lis wlhetn miore than) .me '.tte 11"I appc the 

procedunre caid. 
C(kiruls iittlI \o ith 0()prion F) 111(15 Ca'i be Uiseu I'0i inputI1 (niim1 pnni 

idial Toi luirtaREi'RF.SSI( )N inn%' uingi (4timst .4and 5. lie user miumi nte 
tadatd le\ aun \ tet retmealnd mml 

to 1 1000W Iild les,. than 01- CLILI In10t-)100,000. Option 15 
is tunalterable. and I,. not "tlitilhe lot 

thtan or eqult 

20.7 STATISTICS AVAILABLE WITH SUBPROGRAM REGRESSION 

milIe a IN l(P ESSIN im mre slpewiied h). the "r (ini a
Thie Optional ;ai.I%~i \%li 

iiiitithiaely Aitn the 
squa STATISIC card AIpren. Tv SI A.I KI IC cad 1' pliae 

)I"[IONS card. It iliiew I, no (),'II()NS card. tlie SlAIIS.ICS caid i' placed direcL 1ittfer tile 

I(LGRESSION p)ocodinkI e ard. 
friil:

I*here ale "C\42i1 44414ii 14ii .m~ille. l'Ih S.,'\IS' IC(S earth Ild ilelit'~ hiii 

a h'.t of destreth sI'titic" lieteinriiiii Itn
;I t44itli44 cortl S I A I1 11(5IC heCi'mnnP In 011111111 1And 

icr )I\ tile KX '\kild AIAI.. In II 0 i t,12cm L"I'II. tl C 1I it(1l,i1in~10. In laie of thle I' l 1 41I 


Idl \i11'ItiCi alet t14lIC(lIi;I fiet onme of statimics I. 1arnd -1 will be pliluil anid
 

I Lici hasi yciivd4 ()it the RI-(iIRh.SSIO)N
SIA1IdC',i 1, 5, aid 0 ale Ini eleuC '44/i ~lthte 
ul pCI144r ired. i11%01ni01 alt

l4lCedIII' carJd (hatl 111 (1ia1nr.'diiak I" io he CICi maimer 
o l iii!m 

m md e~ildnal dicins',ed Ili Se. .20,. -1. 1It notK 4tneol i,,-
1ni1.iI 'w I I" taIlt'dl for I 

n'Liti6S ', mei de'iied . ri SITlIS FI(S cad plated in rhe deck 

,noi (4imfl /.ci. II thnt. tnlIs called lt. a
STAT'SITR' I Pi, ,out ;I Ili,, 'iwu/.4004 

eacwh VAI.Il im'Ippelic611! (ii) lime
eflition111\1 ill40i rti Iom 

ciui~cS
SI\II SI C~ 2 W oi~i I/'init. wuitilm44ilii/4 ()l 4111fi\ \'4 lilt,, t~i

uii, dd 

irn l l II addhi\I lIIIiIIICl
444 . Ii otant ic tdevI itt' t il

4 114 l ii) ' iw k ire 

lhenit \Imi~t~ 14n~k'll'fc itm %%l 11c.x,ln' aII( Aitijiloe beenr~itlucle 

tnm nlhn ,I '.ildu t 1 ,In,,lilt, iuiir lr 4(d4 4 no[i liaiii): 1111""1iLe ioall 

d~)miii dati %,aliets(iM i i [ilie 'ARI\IL S lNtc ninn011 il 
ill eniriid I, dihl .herm( Option I is Illolic-d4 h (line mr'.'rare 

011114%lf Ithu 11i4l /1(40/ c/4iliii'Iimi, i c 44 l 444 44/,'Tl,\'I'ISf'(C 3 /414444 /44 ()/111I/i)1 /(4iei 

.i1 .1 4444: the Ipriniti.' 4ilIi- uuri4:liihn matr-i\ In thleSelectio~n 44l111i 

huh 441C liii k liMit be t.,tcilmteul ire it'iveiocdIit'l i lienmmim l, thmeInIIIA~ 
\aluc (i 99 1)I ;llii411 vi l iil4itho 'rui I -)i 7. time wmaui\ \o,Ill lie 

m444 ll'kc \\i()l \4,44 I,rmilexIlai ' ;14llWCh 1111/ 1 i11,4 ii , tti lInti 

1 Ii ki Iii i . 41 iili %%illl th 41 r'.'l 1 StllIII te S*?-Fk1411 itliit1, iNSt~lttiitu1 tlillii' 

u h tei i111,111S \kill 1ilt I~II,1" illt 1('Ikek.t11 51.cT li. e1Cintl5lt' m mea he~iI ittl i, Ii (1 

11m-l%0lthld hcJw '1(llitlll)Il [it II( lL' l im 



1-2 356 STIATISTICAL PACKAGE FOR THIE SOCAL SCIUNCES 

sTrATISTIIC 4 Czwurz'. (rrq'rt ohil oi ol *wunhzuhj' ,IA iWuiu zezIv /II%dw 'IuE~ 

of ad tu) I lilt! iIItILthe differvrwv.s between thie i\liias iki.-l r'~IsCSi'/lc -, 

r -ijltinis ub.seditn ttistic -

L2 

W~here I', is te r('simi I'mi c'i''c I and it v,~ the ,zzzuuherl i k-aw. 

S'IA'I S'IC 6 	 / a'qzuzMel~ /1111 li/Ill/E z/z'f waihzn.z/di.'Eh/ I EIl 	 YIII~ will)F 

ii'.midtiii/ ol? Illzr v'rizclatli.k 'I en pint', air pf(liow d pare' 'I iici iliisitCli 

tic exained11( tor :ihimazrrlities .15 EIc.'('ii( ill St. .201 I ... 

ST'ATIISTIC 7 	 I'rz'uaur (!/ com,, i'/ii.'E mauzl-it n lul ilEi'i'l f/*(ims ' Ill', stlrzsli iia tic 

re(IuestedIICI t'Iz ~IzIkI s 'd 7.)dIlon i (pi 2pn W~heunlse 

delin (if misiili (Iiia (dIelraiii option) Ili mzclisiai (it' misml' (li (0111i1i1 

1) is list~d. requzestilrr Staitiicr 7 w~ill caue~it ''l'! I to bt pimiz'il irsitit 

St'.~ :IC '1 (:il.SCiS 	 liIar j.\ IIC.'-1ir1W 1, 11Ciii.1 to i %kIe itre 'I 111,111"k: 

Conltains [Ile' co11ra'lonrur c'IcIficieris, (Ili'c 111Cr riz'e iErlii'te;irlitiln d lnlr 

01' CaISeS Mrd Ill 111111ilig caifi CozIfCl)I1i t'ii'iriii.-cl. 'ill lh it' lieiiitI 

c i'r intarl'tihe numiher ot'nIrihrrI li LrzI. E'4', fr ci'i Vil Liblt 11 bh111 ili 

'1r1d I aIle fC( 1 i1('stCd. 	 0111) stairstic 7 wil Ie[It' pritedl 

20.8 PROGRAM LIMITATIONS OF SUBPROGRAM REGRESSION 

LINIITAI'ION I A iiaxiui of' 101VARIAII ss r1I,,AImc'.I'iI aWR (; 

prontedi card. St~alnrotirr %k) it a .1iiiiili Of ' rreliculiil 1air c> 

\ill hez conii,trircledt lEri rais uai t E h i'i idi Iii\ nir) 'IIIIAil1Whi 

i{L(IUSION rn
 

MUTAT''~'IION 2 	 A\ mrax imum of' 501 KRIWR sSI( N its' Ld.l'fll'il" is ilh \5(id
 

po~iciilie earl. irispectivi If Ilici.rrirribr It V *1RIAiH~s .Siisr" tplw' tio
 

OnftirecardL.
 

LIMITATION 3 	 A rrax imuim of' INI) vm'.rri il, ii llimed (In ;Eli\ \ ARI il S itlisi;il 

rrritl jOurol f 2001varrahkl- imrie I. ,' jitmcdrr Ii COlilbiil \/AAk IH'lk 
lists Elf llit' proncedlirr card \"arriln mwtnr il Ii nuuri' trarn nine \'AR i 
ABLEPS list are tCiiiiritid oruCC l(1r C;tIi. Illn 

IM'ITATION 4 	 A rrrlIXIrrrI.rrr Of' 4(y %Jariable rzz1zu rz hi' WW''II Ii tire z nitrirrdct R I 

(;R -sSIO N dejernl r'r'isond LAld I dl OkvUIC11CC I)()I jll W 'IIIzeC 
a 5agiahlej is CIther- 1 ilj(hil 1'zwiiilvit'jl klit s'li ibis t.ml xt' I'.Ez' 

tik [(tit. A n.:z~zirzrm ofI (II) hl!li'ew .~rri'i'.;rIr~u 

RE.IfRl:SSIt)N Ei'si)'rz "titr'zzzrz 

IITiATlION 5 	 Thiis limiitatin ljjfies Io liti, I i.\I 10z) l/1) r'izzo51 ()h'Er
 
',hi d~ COIrSziII It j\ppezdz s. 1,(i, 01i 1I, of tilu i l(iz ll (011117111,1itit( TI C'rn:
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\ /SFSSTEST jC6 UNC.ES.F219K.KCLSKY.REGION=20OK 

I' EXEC SpSS 
''STSIr 0C *
 
RUN NAPE BRANCH NETWCPK STATISTICS FOR ZONE I & 2 * SANA.A. YEMENI
 
VuR tLE LIST SEPVRADLPCCNLENGTHDBAR.COST
 
INPUT MLCIUM CARD
 
N OF CASES 16
 
INPLT FCRMAT 	 FREEFIELD
 
COMPUTE 	 LSERVRAD=LN{SERVRAD)
 
COMPUTE LFLOW=LNLPCD)
 
COMPUTE LNLENGTH=LN(NLENGTH)
 
COMPUTE LOBAR=LN(OBAR)
 
COMPUTE 	 LCOST=LN(COST)
 
REG;ESSICN 	 VARIABLES:SERVRAO.LPCD.NLENGTH.DBAR.COST.LCOST.LSERVRAD.LNLENGTH.
 

LFLOW,LDBAR/
 
PEGRESSION=COST WITH NLENGTH.OBAR(23/
 
PEGRESSION=LCOST WITH LNLENGTH.LDBAR(2)/
 
REGRESSION:LCOST WITH NLENGTHUBAR(2)/
 
REGRESSION=LCOST WITH LSERVRAC(4),LFLOW(p)/
 
REGRESSION=LCOST WITH SERVRAD,LPC0(2)/
 
REGRESSION=LOBAR WITH LFLOW(4).LNLENGTHI2)/
 
REGRESSION=LDBAR WITH LPCO.NLENGTH(2)
 

STATISTICS 1
 
REAC INPUT DATA
 
1n,20.lqSO,59.0,26.7
 

100.50.1450.88.0,37.4
 
100,100,145C.110.5.46.4
 
50,20,3007.42.6,44.4
 
50.50.3007.61.2.58.1
 
50,100.3007.79.8.72.9
 
8-50,10788135.6,142.1
 
8,100,10788,43.0.160.6
 
100.20,2080.45.8,31.9
 
1nO,50.2080.66.8,42.2
 
100.100,2080.85.8.52.8
 
50.20.3780.35.4.49.8
 
50.50.3780.50.8.63.0
 

*
,100*3780,65,2.76.8
 
13,50,12580.34.4.159.5
 
13.100.12580,42.7.184.9
 
FINISH
 
/'SYSPRINT DO STSOUT=A
 

CARD COUNT= 00044
 

SOSS BATCH SYSTEM 	 08/14/81 PAGE
 

SPSS FCR ("S/360. ,co:.* , r.-­



SSS 2-T Z S'STE. 08/14/81 PACE I 

SPSS FO; CS/360, vZRSION H, RELEASE 8.0, MAY 15, 1.979 .........
 

DLF..LT SPACE !LZCTION., ALLOWS FOR. 51 TRANSFCRMATIONS 
S0R-S;cE 358-, ByTES 204 RECOCE VALUES . LAG VARIABLES 

TRASPACE 5120 BYTES 822 IF/COMPUTE OPERATIONS 

I RJN AMAE BRANCH NETWORK STATISTICS FOP ZONE I Z 2 SANA'At YEMEN ­

2 VARIABLE LIST SERVRAOLPcDNLENGTHOBAR,cOS 

3 INPUT XEDIum CARD 
4 N OF CASES 16 
5 INPUT FORMAT FREEF:ELD 
6 COMPUTE LSERVRAD=LN(SERVRAD)
 
7 COMPUTE LFLOW=LN(LPCO) ...
 

8 COMPUTE LNLENGTH=LN(NLENGTH
 

9 COMPUTE LDBAR=LN(DBAR)
 
10 COMPUTE LCOST=LN(COST)
 
11 REGRESSION VARIABLES:SERVRAD.LPCDNLENGTH.OBAR.COSTtLCOST.LSERVRAD.LNLENGTH
 

12 LFLOWLOBAR/
 
13 REGRESSION=COST WITH NLEPJGTH.DBAR(2)/
 

14 REGRESSION=LCOST WITH LNLENGTHLOBAR(2|/
 

15 REGRESSION=LCCST WITH NLENGTH,DBAR(21/
 
16 REGRESSION=LCOST WITH LSERVRAD}4).LFLOWg2)/
 
17 REGRESSION=LCOST WITH SERVRAO.LPCD(2,/
 
18 REGRESSION=LOBAR WITH LFLOW14 .LNLENGTH(2
3 2 /
 
19 REGRESSION=LDBAR WITH LPCDNLENGTHC2)
 

20 STATISTICS 1 

*-s== REGRESSION PROBLEM REQUIRES 1680 BYTES WORKSPACE, NOT INCLUDING RESIDUALS **Sma
 

21 READ INPUT DATA
 

... - T 0 P - OF - 0 R N -...........
 

BRANCH NETWORK STATISTICS FOR ZONE 1 2 .SANA'A. YEMEN 
 08/14/81 PAGE 2
 

FILE NONAME (CREATION CATE = 06/14/811
 

CORPELATION COEFFICIENTS
 

A VILLE OF 99.00000 IS PRINTEc
 
IF A COEFFICIENT CANNOT BE COMPUTED.
 

SERVRAD LPCC 
 NLENGTH DBAR COST LCOST LSERVRAD LNLENGTH LFLOW LOBAR
 

SERVRAO 1.00000 -0.19481 -0.87339 0.67316 -0.A6269 -0.89818 0.94606 -3.94793 -0.23030 0.70006 
LPCC 
.L.-,GTH 

-0.19481 
-0.87339 

1,0000 
0.2406C 

0.24060 
1.00000 

0.46821 
-0.62032 

0.42555 
C.q7868 

0.50104 
0.93682 

-0.23009 
-0.9533C 

0.2 
2 
34b 

.96865 
0.972!2 
0.285C5 

0.45341 
-0.66913 

OS p - 0.67316 0.6821 -0.62032 1.3CQOC -0.48785 -0.43599 0.63729 -C.69110 0.4l.?70 0.98617 
COST 
,ZCST 

-0.86269 
-0,5 9:s 

0.4255t 
0.5:104 

0.97868 
0.93682 

-C.455 
-c.43593 

1.00000 
0.97"7q 

0.97479 
1.0000 

-O. 
-. 

9 
28"o 

9ZC67 
0.9427 
1.94736 

C.46264 
0.54967 

-9,53007 
-0.47811 

SEZVR4: 3.94606 -C.230:9 -.- ^953!0 0.63725 -C.92A-40 -0,93:67 .DCC3 -C,96597 -0,27260 0.67930 
L!-,-NSTm -0.94793 C.22346 0.96565 -C.6:9O0 0,94627 0.947!6 -C,96597 i.c000 0.26 

W 4 
1 -0.73338 

L;'C. -0.23cac 0.57232 0.2e5Of 0.4597: 0.4;264 C,549t 
7 

-0.2776- 0.26474 1°00 C.4'11 l 
-_AR 0.70306 0.534 1 -­ 0.66913 0.98617 -0.53107 -C.7211 0.6750 -:.733!6 0.46611 1.0000c 

T o P - 0 F - F C R M . --.-.-- - - ­



3E,82.- I .7_ i 1. -0.93067 0.94736 0.54967 0.7811.
 
,5va: .4C -C.220nj -0.95330 C.63729 -C.938-0 -0.93067 
 1.00000 -0.96597 -0.27260 0.67930LNLE:T H -0.94793 Z.22346 0.9665 -0.69910 O.Q4827 0.94736 -0.96597 1.00000 0.26474 -0.73338


FL. -C.23C8C 0.28505
0.97232 0.45970 0.46264 0.54967 -0.27260 0.26474 1.O0000 0.44611
 
LOBAR 0.700O6 0.4t341 -0.66913 0.98617 -0.53007 -0.47611 0.67930 -0.73338 0.44611 
 1.00000
 

.T 0 P - 0 F - F C R M . . . . . . . .
 

BRAPCfc NETWORK STATISTICS FOR ZONE 1 & 2 . SANA'A, YEMEN 
 08/14/81 PAGE 3 

rILE NONAME (CREATICN CATE OB/i1/8i1
 

- aa a" a a a a a a a a a a a a a a. aM U L T I P L E R E G R E S S I 0 N a a a a aa a * a a * a a VARIABLE.LIST I 

DEPENCENT VARIABLE.. COST REGRESSION LIST I
 

VARIABLE(S) ENTERED ON STEP NUMBER 
 j.. NLENGTH
 

OBAR
 

MULTIPLE R 0.99042 
 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F
R SQUARE 0.98093 
 REGRESSION 2. 40114,59584 20o57,29792 33%,35101
ADJUSTEO K SQUARE 0.97800 
 RESIDUAL 
 1. 779.85371 59.98875
 
STANDARD ERROR 7.74524
 

----------------- VARIABLES IN THE EQUATION 
...............................VARIABLES NOT 
IN THE EQUATION --------------

VARIABLE 
 B BETA SID ERHOR B F 
 VARIABLE BETA IN PARTIAL TOLERANCE F
 

NLENGTH 0.1374646D-01 1.09893 
 0.00061 506.M62
OBAF 0.4529557 0.19384 0.11410 15.759
 
(CONSTANT) -15.44930
 

" ALL VARIABLES ARE IN THE EQUATION
 

STATISTICS WHICH CANNOT BE COMPUTED ARE PRINTED AS ALL NINES.
 

T 0 P. 0 F - F 0 R M . . . . . . . .
 

BRAN;CH NETUORK STATISTICS FOR ZONE 1 & 2 , SANA'A. YEMEN 
 08/I/81 PAGE 4
 

rILE NONAME (CREATION DATE = 08/14/81)
 

a a a a a a a a a a a a a a a a a a a a aa a M U L T I P L E R E G R E S S I 0 N a a a a a a a a a * * a a VARIABLE LIST I 

DEPENDENT VARIABLE.. COST REGRESSION LIST I 

SUMMARY TABLE
 
VARIABLE 
 MULTIPLE R R SQUARE RSQ CHANGE SIMPLE R 
 B BETA
 
NLEN GTH
DBAp 0.97868 
 0.95781 0.95781 0.13746460-01 1.093
0.95781-1 0.97868 
 ,0B9
OSA T 
 0.99042 0.98093 0.02312 48785
-. 0.4529557 0.1938
(CONSTANT) -15.44930
 

- T 0 P- 0 F - F 0 R M .............
 

BRAt:CH NETWORK STATISTICS FOR ZONE 1 & 2 * SANA'A, YEMEN 
 08/14/81 PAGE 5
 

rILE NONAME (CREATION DATE 08/14/81)
 

" a a a a a a a a a a a a a a a a a aa = a NM U L T I P L E R E G R E S S I 0 N s a a a aa a a a a a VVARIABLE LIST I 

ZEPENCT VARIABLE. LCCST REGRESSION LIST 2 

VARIABLE(S) ENTERED ON STEP NLMBER 
 .. LOBAR 
IKArjlr 



----------------- VAR;ABLES N T-E EgUA1h .................--- ------------- VAPRAB LCS NOT IN THE Er.iATIo N .............-

4AR:AELE B eETA STD ERROR 3 F VARIABLE BETA IN PARTIAL TOLERANCE F 

0.789383 0.02086 

LNLENSTi 1.012085 __.2.1-11. _C 0.00971 10054.878
 
tCCIST hT) -7.279131
 

0:SAR O.46882 	 1431.075
 

ALL VARIABLES ARE IN THE EQUATION ......
 

STATISTICS WHICH CANNOT BE CONPU"EO ARE PRINTED AS ALL NINES. 

T-.......C P - 0 F - F 0R --.
 

BRANCH NETWORK STATISTICS FCR ZONE I 2 , 	 SANA'A, YEMEN 08/1/91 PAGE 6 

FILE NONAME (CREATIoN CATE 08/14/81) 

* a a a a * S * - S a S S * * a * * a * a N U L T I P L E R E G R E S S I 0 N * S a a a S S S S S S S 5 VARIABLE LIST I 
REGRESSION LIST 2
 

DEPENDENT VARIABLE.- LCCST
 

SUMMARY TABLE
 

VARIABLE 	 MULTIPLE R R SQUARE RSQ CH'';GE SIMPLE R B BETA
 

LOBAR o.47811 0.22859 0.22859 -0.7811 0.7889383 0,6882
 
LNLENGTH 0.99954 0.99908 0.770%9 0,9q736 1.012085 1,29119
 
(CONSTANT) -


TOP- OF- F 0 R M . --.-.-.----

I BRANCH NETWORK STATISTICS FOR ZONE I Z 2 , SANAIA, YEMEN 08/14/81 PAGE " '7 - " 

FILE NONARE (CREATION DATE 08/14/81) 

a a s a a S S S S * S a a aa~ S a a MM U L T I P L E R E G R E S S I 0 N a * a a S £ * S a a a * a VARIABLE LIST 1 

REGRESSION LIST 3 
0.Prl"CENT VARIABLE .. LCOST 

VARIABLE(S) ENTERED ON STEP NUMBER .. 	 NLENGTH
 

DBAR
 

MULTIPLE R 0.95492 	 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F ­
q SCUARE 0.91186 REGRESSION 2, 5.05773 2.52886 67.25010
 
ADJUSTEE R SQUARE 0.89831 RESIDUAL 15. 0.48885 0.03760

STANO.ARC ERROR 0.19392
 

--------------- VARIABLES IN THE EQUATION ...............................VARIABLES NOT IN THE EQUATION --------------


VARIABLE 8_. ... . STO 	ERCOR 8 F BETA IN PARTIAL 


NLE!;GTH 0.15779620-03 1.0831c 	 0.00002 106.462
 
DBAF 0.6420215D-02 C.23592 0.00286 5.051
 
c:ONSTANTj 3.027702
 

2. BETA 	 VARIABLE TOLERANCE P
 

4LL VAIASLES ARE IN THE EQUATION
 

SATTTs ICS w-I-.'N T =, CCwPJTE ARE PRINTED AS ALL NINES,
 



-
-L ' - ---L - - L ., . L -4 -', 

STA 
T 

IS71CS WmIC" CANNOT BE CONPUTEC ARC PRINTED AS ALL NINES, .... 

T 0 P - 0 F - F 0 R M .--------


SPAC NET-ORK SIATISTICS FOR ZONE 1 S 2 . SANA'A, YEMEN 08/14/81 PAGE 8
 

FILE NONAME (CREATION DATE 08/14/81)
 

* 	a * a a a a a * * a a a a * a a a a a * M U L T I P L E R E G R E S S I 0 N a a a a a a a a a a a s a VARIABLE LIST I 
REGRESSION LIST 3 

DEPENDENT VARIABLE.. LCOST 

SUMMART TABLE 

VARIABLE MULTIPLE R R lQUARE RSg CHANGE SIMPLE R aETA
 

NLENGTH o.q3682 0.87762 0.87762 0.93682 0.15779620-03 1.08316 
-

OBAR 0.95492 0.91186 0.03424 -0.43599 0.6420215D-02 0.23592 

(CONSTANT) 3,0277U2 

T 0 P- 0 F 0 RM- . .-.-.-----

BRANCH NETWORK STATISTICS FOR ZONE 1 a 2 , SANA'A, YEMEN 08/14/81 PAGE 9 

FILE NONAME (CREATION DATE = 08/14/81) 

Sa a a a * a a* * * * * * M U L T I P L E R E G R E S S 1 0 N a a s s s s s S s S a s s VARIABLE LIST 1
REGRESSION LIST 4 

DEPLNOENT VARIABLE.. LCOST " 

VARIABLE(S) ENTERED ON STEP NUMBER 1.. LSERVRAD 

MULTIPLE R 0.93067 	 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F
 
* R S:UARE 0.86615 . . . REGRESSION 	 1. 4.80418 .0418- - 40,596q3 

ADJUSTED R SQUARE 0.85659 RESIDUAL 14. 0.74240 0.05303
 
STANDARD ERROR 0.23028
 

VARIABLES NOT IN THE EQUATION .... ...... 

VARIABLE B BETA STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F 

LSERVRAO -0.609b454 --- 0.93067 0.06405 90.596 LFLOW 0.31973 0.84084 0.92569 31.371 

(CONSTANT) 6.474811 

-------- ---------VARIABLES IN THE EQUATION ............................... 


VARIABLE(S) ENTERED ON STEP NUMBER 2.. LFLOW
 

MULTIPLE R 0.98020 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F
 
R SQUARE 0.96079 REGRESSION 2. 5.32907 2.66453 159,25303
 

ADJUSTED R SQUARE 0.95475 RESIDUAL 13. 0.21751 0.01673
 
STAN ARC ERROR 0.12935
 

-------- ---------VARIABLES IN THE EQUATION ............................... VARIABLES NOT IN THE EQUATION --------------


VARIABLE B BETA ST D ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F
 

LSE=VP4: -C.5525516 -0.8u351 0.03739 218.345
 
LFL,-- C.3017877 0.31973 0.05368 31.371
 
CCOST.NT) 5.069398
 

http:CCOST.NT


SrAT:S 	 ;S u C4N T [l COWPUTE:C PRI TEC AS ALL NINES, 

.T C P C F - F C RM . . . . . . . .
 

BP-!C" rTWCPI' STATIST:CS FOR ZONE I I 2 , SANA'A, YEMEN 
 08/14/81 PAGE 10
 

rILE .NrM (EREATIoN CATE = 08/14/81)
E 


. . . . . a - . -. :Co*S a M U L T I P L E R E G R E S S 1 0 N a * s a a a a a a * a a a VARIABLE LIST I 

DEPENDENT VARIABLE.. LCOSTREGRESSION LIST 

SUMMARY TABLE
 
VARIABLE 
 - MULTIPLE R R SQUARE RSQ CHANGE SIMPLE R lETA 

LSERVRAO 
 0.93067 0.86615 0.86615 
 -0.93067 "0.5525516 -08351

LFLOW 
 0.98020 0.96079 0.09463 0.54967 
 0.3017877 0.31973
 
(CONSTANT) 	 ... ... .
 

5.069398
 

0 P-OF -F 0 R M............
 

BRANCH NETWORK STATISTICS FOR ZONE 1 Z 2 * SANAA. YEMEN 
 08/14/81 PAGE 11
 

rILE NoNAME (CREATION DATE x 08/14/81) --­

0 4 P1U L T I 
P L E R E G R E S S 0 N aa aaaaaaa*** VARIABLE LIST I 

REGRESSION LIST 5DEPENDENT VARIABLE.. LCOST
 
c VARIABLE(S) ENTERED ON STEP NUMBER 
 1.. 	 SERVRAD
 

LPCD
 

ULTIPLE 	R 0.95773 
 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F

R SUARE 0.91724 
 REGRESSION 	 2. 
 5.08757 2.54378 72,04427
ADJUSTEG R SQUARE 0.90451 . .RESIDUAL 
 13, 0.45901 0,03531
T

S ANDARD ENROR 0.18791
 

---------------- VARIABLES IN THE EQUATION 
...............................-
VARIABLES NOT 
IN THE EQUATION ..............
 
VARIABLE B BETA 
 STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F -


SEPVRAC -0.13856aO-801 -o.83216 0.00135 104.653
 
LPCC 0.61999520-02 0.33892 0.00149 
 17.360
 
iCONSTANT) .609737
 

ALL VARIABLES ARE IN THE EQUATION
 

STATISTICS WHICH CANNOT BE COmPUTED ARE PRINTED AS ALL NINES. 

- TOP.-0F.-F RM .......
 
BRA:CH NETWORK STATISTICS FOR ZONE . A 2 . SANA'A. YEMEN 
 08/14/81 PAGE 12
 

FILE NONAME (CREATIoN CATE 08/14/81)
 

" 
.....
" " a 	 S " " a a a a-a - -a a_ a U L T I P- --.-
 L E R E G R E S S 1 0 N a a - a a a * a a a * ' 1VARIABLE LIST 


DC~CNZEP' T VARIABLE, LCOST REGRESSION LIST 5
 

SUMMARY TABLE­



SLmMAR! TABLE
 

VARIABLE MULTIPLE R R SQUARE RSQ CHANGE SIMPLE R B BETA 

SERvRAD 0.e9818 0.80673 0.80673 -0.89818 -0.13856080-01 .0,83216
 
LPCD 0.q5773 0.91724 0.11051 0.50104 0.61999520-02 0,33a92_
 
(CO%,STANT) 
 4,609737
 

. . . . . - . T 0 P- 0 F - F 0 R 1 . . . . . . . . 

BRANCH NETWORK STATISTICS FOR ZONE 1 Z 2 , SANA'A, YEMEN 08/14/81 PAGE 13 

rILE 	 NONAME (CREATION DATE 08/14/81)
 

* S S S S S S S a a a a a a a - * a a * M U L T I P L E R E G R E S S 1 0 N a a S 8 * S S s * S * S s VARIABLE LIST I 
REGRESSION LIST- -

DEPENDENT VARIABLE.. LOBAR 

VARIABLE(S) ENTERED ON STEP NLMBER 1.. LFLOW 

M
 
ULTIPLE R 0.44611 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F
 

R SGUARE 0.19902 REGRESSION 1. 0,38980 0,38980 3.47154
 
ADJUSTED R SQUARE 0.14180 RESIDUAL 14. 1.56884 0.11206
 
STANDARD ERROR 0.33475
 

................ -
VARIABLES-IN THE EQUATION ...............................-
 VARIABLES NOT IN THE EQUATION .............--

VARIABLE B BETA STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F 

LFLOW 0.2502215 0.4611 0.13416 3.479 LNLENGTH -0.91566 -0,98641 0,92991 475,531 
(CONSTANT) 3,030987 

VARIABLE(S) ENTERED ON STEP NUMBER 2.. LNLENGTH
 

MULTIPLE R 0.98929 ANALYSIS OF VARIANCE OF SUM OF SQUARES MEAN SQUARE F
 
R SQUARE 0.97869 REGRESSION 2. 1.91689 0.95845 298.45735
 
ADJUSTED R SQUARE 0.97541 RESIDUAL 13. 0.04175 0.00321
 
STA?.OARD ERROR 0.05667
 

-
---------------- VARIABLES IN THE EQUATION ----------------- ----------- - VARIABLES NOT IN 
THE EQUATION ..............
 

VARIABLE B BETA STD ERROR B F VARIABLE BETA IN PARTIAL TOLERANCE F
 

LFLOW 0.3861885 0.68853 0.02355 268.876
 
LNLENGTH -0,4265072 -0.91566 0.01956 475.531
 
(CONSTANT) 5.985553
 

MAXIMUM STEP REACHED
 

STATISTICS WHICH CANNOT BE COMPUTED ARE PRINTLO AS ALL NINES.
 

TOP-0F - FORM -------------­

BPA'.C NET.OPK STATISTICS FOR ZONE 1 A 2 , SANA'A, YEMEN 08/14/81 PAGE 14 

;LE NNAWE (CREATION CATE = 05/14/81) 

*a aai *s * M U L T I P E G E S N s a a a a a * a ,a a a VARIABLE LIST I* 	 sa L R E R S"I 0 
" ,. .. REGRESSION LIST 6 

DEPENDENT VARIABLE.; LOBAR
 



--------------

i'3A CH TCR STA1 TICS FCR ZO'E I & 2 , SANA'A. TEMEt. 08/14/81 PAGE 1'
 

rILE 	 NCNAPE (CREATION CATE = 08/14/81)
 

- . a a a a a. a sa a a a a a S . * M U L T I P L E R E G R E S S I O N 0 8 * S S S S S a a S VARIABLE LIST I
 

DEPENDENT VARIABLE.. LOBAR 
 REGRES31ON LIST 6
 

" 

SUMMAF TABLE
 

VARIABLE 
 MULTIPLE R R SQUARE RSQ CHANGE 
 SIMPLE R BETA
 

LFLOW 
 0.u4611 0.19902 0.19902 0.44611 
 0.3861885 0.68653
LNLENGTH 
 0.98929 0.97869 0.77967 -0.73338 -0.4265072 . . 0.91566­
(CONSTANT) 


5.985553
 

T O P -0 F - F 0 R M -............
 

BRANCH NETWORK STATISTICS FOR ZCNE I A 2 , SANA'A, YEMEN 
 08/14/81 PAGE 15 

rILE 	 NoNANE (CREATION DATE = 08/14/81)
 

a 0 0a 8 aa 0 * a a a * * * * 0 M U L T E R E
a 0 * a I P L 
 G R E S S I 0 N * s a S S S a a * a a a a VARIABLE LIST I 

REGRESSION LIST 7
DEPENDENT VARIABLE.. LOBAR 


VARIAOLE(S) ENTERED ON STEP NUMBER 
1.. 	 LPCD
 

NLENGTH
 

MULTIPLE R 0.92110 
 ANALYSIS OF VARIANCE OF SUN OF SQUARES MEAN SQUARE F
A SQUARE 0.84842 REGRESSIOK 
 2. 1.66176 0.83086 
 36,38284

ADJUSTED R SQUARE 0.82510 
 RESIDUAL 
 13. 0,29688 0.02284
 
STANDARD ERROR 0.15112
 

----------------- VARIABLES 
IN THE 	EQUATION ............................... 
 VARIABLES NOT IN THE EQUATIO
N

T
VARIABLE 
 B BETA S D ERKOR B F VARIABLE BETA IN PARTIAL TOLERANCE F
 

LPCD 0.7089254D-02 0.65215 0.00121 34.365
 
NLEGTH -O.151045D-04 -a.82604 0.00001 55.134
 
(CONSTANT) 3.930578
 

ALL VARIABLES ARE IN THE EQUATION
 

STATISTICS WHICH CANNOT BE COMPUTED ARE PRINTED AS ALL NINES.
 

-TOP-OF -FORM ...............
 

ORAf'CH NETWORK STATISTICS FOR ZONE I L 2 , SANA-A. YEMEN 
 08/14/81 PAGE 16
 

rILE NONAME (CREATION CATE = 08/14/81)
 

S a a * * * a a 
 U L T I P L R C G R E S I 0 N VARIABLE LIST I 

DEPENDENT VARIABLE.. LOBAR REGRESSION LIST 7 

SUMMARY TABLE
 

VARIABLE 
 MULTIPLE R R SQUARE RSU CHANGE SIMPLE R 
 B 	 BETA -­

* LPCP ­ 0.45341 0.20558 0.20558 
 0.45341 0.7089254D-02 0.65215

NLNTH ­ 0.92110 0.84842 0.64284 
 -0.66913 -0.71510450-04 -0.82604
 
CONSTANTI 
 3.930578
 

T 0 P -0 F-- F O R N --.....
 

BRANCH NETWORK STATISTIcS'FOL ZONE 1 3 2", SANA'A. YEMEN 
 06/14/t PAGE 17
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APPENDIX G
 

LINEAR PROGRAMMING MODEL
 

FOR LEAST COST DESIGN OF BRANCHED (NON-LOOPED)
 

WATER DISTRIBUTION SYSTEMS AND USER INSTRUCTIONS
 

FOR BASIC MICROCOMPUTER PROGRAMS
 

"NODELINK" AND "BRANCH"*
 

1982
 

*Developed by Keith Little, Department of Environmental Sciences and
 
Engineering, The University of North Carolina at Chapel Hill, Chapel
 
Hill, North Carolina 27514.
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BRANCHED NETWORK LEAST COST DESIGN EXAMPLE:
 

NETWORK CHARACTERISTICS
 

•HGL of
 
Node # Elevation Input Demand Input Link # Length 

1 im 0.5 Ips 0 ips 20.0 m 1 500 m 

2 3 0 0.4 --- 2 1200 

3 1 0 0 --- 3 1000 

4 5 0 0.15 --- 4 1500 

5 2 0 0.2 --- 5 1500 

6 2 0.25 0 12.0 

Link #1 is an existing 50 cm with friction coefficient of 100.
 

DESIGN CRITERIA
 

Available pipe dia's are 2 cm @ $100/m and 50 cm @ $150/m
 
Friction coeff. in Hazen-Williams eq'n for new pipe is 140 
Minimum residual head at all terminal nodes is 1.0 m 
Peaking factor = 5.0 

OBJECTIVE: Minimize construction costs while meeting design criteria.
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1. 	Linear Programming Formulation of Example Design Problem
 

Let's express the design criteria as linear, mathematical equations/in­

equalities.
 

Let
 

xI = the length of 2 cm pipe in link
 

x2 = the length of 50 cm pipe in link 1
 

x3 = the length of 2 cm pipe in link 2
 

x4 = the length of 50 cm pipe in link 2
 

x5 = the length of 2 cm pipe in link 3
 

x6 = the length of 50 cm pipe in link 3
 

x7 = the length of 2 cm pipe in link 4
 

x8 = the length of 50 cm pipe in link 4
 

x9 = the length of 2 cm pipe in link 5
 

xO0= the length of 50 cm pipe in link 5
 

(* Note that link 1 exists as 50 cm but we'll define x, anyway)
 

Let
 

hij = the slope of the hydraulic gradient in pipe j of link i
 

for the link flowrate
 

From the Hazen-Williams relationship (for Q in lps, L in m, Dia in cm, and
 

h in mm)
 

hij = 1.62 x 10 5 (Q_) (Dia of pipe i)
 
l0 . 85 )4.87
 

F.)
 

F. 	 is the friction coefficient for pipe j.3
 

The design link flows are found to be (using the peaking factor)...
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2.0' 	 ~ I~o GI 

The hij's can then be determined
 

h = 2.56 x 10- 8 
hll : 6.02 

= 0.35h1 2  9.37 x 10 "7 	 h41 


h42 = 5.42 x 10 8
 
h21 =2.14 


10" 7  h2 2  3.33 x 	 h5 1 = 0.90
 

h52 = 1.40 x 10 7
 
h31 = 0.17 

Let's now write the headloss constraints. We need to define a reference
 

input node so that headloss constraints can be written from this reference
 

node to any other nodes that may be necessary. Let the reference input nDde
 

be node #1.
 

There are two types of headloss constraints. The first type specifies that
 

the headloss between the reference input node and each of the non-input
 

nodes in the system is _ that headloss which will just satisfy the minimum
 

residual head requirement at the node. (It is generally sufficient to write
 

these constraints only for "terminal" nodes, i.e. those nodes at the extremi­

ties of the system. If an interior node has a high elevation relative to the
 

rest of the system, a constraint of this type should also be written for it.)
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The headloss constraint for non-input, terminal node 2 is
 

h11x1 + + h2 1 x3 + h22x4, < 20.0 - (3.0 + 1.0) 
! _ _ 

link 1 link 2 Maximum headloss
 

i.e., the headloss in link 1 + the headloss in link 2 must be < the maximum
 

allowable head loss.
 

Similarly, for non-input terminal node 4, the headloss constraint is
 

h11 1+ h12x2 + h31x5 + h32x6 + h41x7 + h4 2 x8 20.0 - (1.0 + 5.0) 

The second type of headloss constraint is for input nodes. It can be shown
 

that, for every input node (a)the HGL of the reference input minus the
 

headloss between the reference and some point on the path between the reference
 

and the other input, must be equal to (b) the HGL of the (non-reference) input
 

minus the headlosses to the same intermediate point along the same path.
 

This is simply an awkward way to say that the pressure at any point intle
 

system is the same regardless of how the water got there!
 

For the example network, such a headloss constraint must be written between
 

the reference node 1 and the other input node 6. Letting node 3 be the point
 

along the path from 1 to 6 at which the headlosses must be equal, we can write
 

20.0 - (h11xI + h1 2x2) = 12.0 - (h5 1 x9 + h52x10) +(h31x5 + h3 2 x6 ) 

or 

-hll - hl2x 2 - h31x5 - h32x6 + h51 x9 + h52xlo = 12.0 - 20.0 

The remaining design constraints simply state that the sum of the length's of
 

the pipes selected for any link will be equal to the length of that link.
 

There is one such equality constraint for every link (existing also) in
 

the network. For the example, we can write...
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xI + x2 = 500 

x3 + x4 = 1200
 

1000
x5 + x6 1 


x7 + x8 = 1500
 

= 
1500
x9 + x10
 

Linear programming requires (as does our design) that the decision variables
 

(the x's) be non-negative, or
 

Xl, x2 ' ""' x10 > 0
 

These non-negativity constraints do not explicitly appear in the LP formula­

tion but are understood to exist.
 

We would now be ready to solve the LP except for two problems with our formu-


LP does not know how to solve inequality constraints (which do
lation. 


result from the Type 1 headloss constraints) now does it know how to solve
 

equalities with negative right-hand-sides (which may result from the Type 2
 

headloss constraints).
 

new variables that
The inequalities are easily made equalities by defining 


represent the "slack" headloss available on any path between the reference and
 

If
the non-input nodes for which headloss constraints have been written. 


any slack variable has a non-zero value in the solution, it simply implies
 

that the constraint was not binding (itcould have been left out without
 

affecting the solution Defining slPrk variables x11 and x12 for the two
 

Type 1 headloss constraints, we can rewrite them as equalities...
 

h1Xl1+ h12X2 + h21 x3 h22 x4 + X1 20.0 - (1.0 + 1.0) 

= - (1.0 + 5.0)hllX l + h12x2 + h31x5 + x32x6 + h41x7 + h42x8 + xl2 20.0 


Every decision variable (x's) must have an associated cost coefficient so
 

that they can appear in the objective function. Since we don't want to
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prevent the slack variables x and xl2 from appearing in the solution, we
 
let cll, Cl2 0.
 

The negative right hand side resulting from the Type 2 headloss constraint
 

is resolved by multiplying both sides by -1. The constraint for input node
 

6 becomes
 

hl X I+ h12x2 + h31x5 + h32 x6 - h5 1x9 - h52 X10 = 20.0 - 12.0 

For reasons that won't be explored here, we must add an "artificial" vari­

able to the left-hand-side of every length and Type 2 headloss constraint.
 

There variables are "artificial" because all constraint are already legiti­

mate equalities, and adding anything to only one side of an equality is
 

illegitimate, hence they are articial. To prevent these artificial variables
 

from appearing in the solution we will penalize them heavily in the objec­

tive function. Let the cost coefficients of the artifical variables x
 

X14... , X18 be much larger than the largest legitimate cost coefficient, say
 

10 x $150 - $1500. If any of the artificial variables appear in the solution,
 

it will mean that the problem is infeasible.
 

While we're on the subject of manipulating cost coefficients, we must fix
 

the cost coefficients of the candidate pipes in the link which already exists
 

to ensure that no non-existing diameter appears in the solution. For the
 

non-existing candidate diameters, we'll let their cost coefficients be the
 

same as the artifical variables, or $1500. Since the cost of the existing
 

diameter is $0, that's what it will be. We have then c1 = $0.
$1500 and =
c2 


Finally, the objective function that LP will seek to minimize subject to the
 

constraints is the mathematical expression of the construction costs. The
 

cost of any pipe j is its length (xj) times its unit cost, cj. The objective
 

function, including slack and artificial variables, is then
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min z =c1 X1 + $@ + clox10 + c11Xll + c12 x12 + C13x13 + all + C18 x18 

original variables slack variables artificial variables
 

LP codes are written to either maximize or minimize. The code used in
 

"BRANCH" is a maximization. Since maximizing z is equivalent to minimizing
 

-z, we write
 

min -z = -c1x - c x 2 - ,,,c X18 

Writing all the constraints and the objective function in a matrix of coef­

ficients of the decision variables where each row is a constraint (the last
 

row is the objective function) and each column is a decision variable, the
 

LP formulation is complete and expressed in a form suitable to LP's simplex
 

algorithm.
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2. 	User Instructions for "Nodelink" and "Branch"
 

The least cost design of branched water distribution systems is accom­

plished by means of the computer programs, "NODELINK" and "BRANCH." Both 

NODELINK and BRANCH are written in the Basic programming language, a language 

for which some dialect is supported by virtually all microcomputers. The 

major difference in the language among various types of microcomputers is 

input/output conrmands,i.e. READ, INPUT, PRINT, LPRINT commands. This is
 

especially true when writing to disk files. Source listings for NODELINK and
 

BRANCH are in the Appendix. The listings are for the CP/M based Osborne 1
 

microcomputer.
 

NODELINK and BRANCH function sequentially. First, NODELINK reads the
 

original data that describe network characteristics and design criteria. 

NODELINK transforms this data into a format suitable for the linear program­

ming algorithm and writes this transformed data to a sequential data file 

on a diskette. BRANCH reads the transformed data and activates the linear 

programming algorithm which iterates until a least cost design is found or 

the problem is determined to be infeasible. NODELINK and BRANCH were
 

designed as separate programs in order to conserve computer memory making 

more memory available for data manipulation. With minor modifications, 

NODELINK and BRANCH could be merged into a single program. This would be 

necessary if a disk drive were not available. 

Before illustrating the data input format for the example design problem
 

a few coMinents on the node and link numbering system and multiple sources
 

are 	 appropriate. 

The nodes and links may be numbered arbitrarily, but the sequence of 

node numbers and link numbers must be an integer sequence beginning 

with 1. In other words, for a 2-link, 3-node (there are always n 4 1 

nodes in an n-link branched network) network, the links must be num­

-62­



bered 1, 2 and the nodes 1, 2, 3 (not 1.2, 3, 5 for example). Within
 

this framework, the actual numbering scheme can be arbitrary.
 

If the network has more than one input node, the first node on the path(s)
 

from the reference node to the other input node(s) must be a non-input
 

node. This is so that Type 2 headloss constraints can be written to
 

these interior nodes. For example, the following network is not
 

acceptable... 

The pseudo-nodes (6)and (7)must be introduced...
 

17,
 

The pseudo-nodes and the resulting nev links are then treated just as
 

if they were original nodes and links.
 

Let's input the data for the example design problem. The data are
 

entered in DATA statements beginning with data statement number 2000 and
 

continuing in sequential order (using any desired increment).
 

We'll use an increment of 10. Each item of dat& is separated from
 

others by a comma.
 

DATA Statement 2000:
 

This statement is for project identification. Any sequence of
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alphanumeric characters is acceptable if the sequence begins with a letter.
 

We enter ...
 

2000 DATA Project Example Network
 

DATA Statement 2010:
 

The first entry on 2010 is the number of links, NL. The second entry,
 

NT, is the number of headloss constraints. For single source networks vth
 

no Type 1 headloss constraints written for interior (non-terminal) nodes,
 

NT equals the number of terminal nodes -l (ifthe input is at a terminal
 

node) or the number of terminal nodes (if the input is at an interior node).
 

For multiple source networks with no interior node Type 1 constraints and the
 

reference node at a terminal node, NT equals the number of terminal nodes -l
 

plus the number of non-reference node inputs at interior nodes. If the ref­

an interior node and no Type 1 interior node constraints are
erence node 4s 


to be written, NT equals the number of terminal nodes plus the number of non­

reference interior node inputs. If Type 1 headloss constraints are to be
 

written for interior nodes, these nodes are treated as terminal nodes sub­

ject to Type 1 constraints in determining NT. (The total number of con­

straints will be NT + NL). For our example, there are 2 Type 1 terminal 

nodes and I Type 2 terminal node; therefore NT = 3. The last entry on 2010 

is the number of candidate pipe diameters, ND.
 

2010 DATA 5, 3, 2
 

DATA Statement 2020:
 

The first entry is the flow peaking factor, PF. Next is the minimum
 

residual head at the nodes, MR. Finally the hydraulic grade. line eleva­

tion at the reference node is entered, RH.
 

2020 DATA 5.0, 1.0, 20.0 
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DATA Statement 2030:
 

The first entry is the total number of links already existing, NE.
 

The next entry, NU, specifies the set of units that the data are in and that
 

the solution will use.
 

For NU 1 Flows
1: are in million gallons per day and lengths and pipe
 

diameters are in feet.
 

For NU = 2: Flows are in liters per second. Lengths are in meters,
 

and diameters are in centimeters.
 

For NU = 3: Flows are in liters per second, lengths are in meters, and
 

diameters are in inches.
 

The last entry, NO, is a print option that displays intermediate results
 

if NO = 1 or no 0 = 1 is much more enter­intermediate results if NO 0. NO 


taining.
 

2020 DATA 1, 2, 1
 

DATA Statement 2040:
 

The ND candidate pipe diameters are entered here. They should be entered
 

in a logical order, for instance tirst entry smallest diameter and last en­

try largest diameter, because the solution does not give the diameters but
 

rather a number that corresponds to the entry number in this DATA statement.
 

2040 DATA 2,50
 

DATA Statement
 

The NID unit pioe costs are entered here in the same sequence as the
 

corresponding pipe diameters in 2040.
 

2050 DATA 100.00, 150.00
 

DATA Statements 2060 - 3100:
 

There is one DATA statement for each of the NL links in the network.
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These statements contain the network geometry and hydraulic characteristics.
 

It is essential that these statements be entered in consecutive order of the
 

... DATA (Link
link numbers, i.e. 2060 DATA (Link 1), 1500 DATA (Link 2), , 


NL). The first entry is the link number. The second entry is "I" if the
 

link exists, "0"otherwise. If the link exists, the third entry is the
 

diameter number (not the diameter it,elf) of the existing pipe corresponding to
 

the candidate diameters in statement 2040 (Notethe existing diameter must be in­

cluded as one of the candidate diameters). If the link does not exist, the third
 

entry is "0".
 

The fourth link entry is the link's roughness coefficient.
 

The fifth link entry is its length.
 

The next three entries correspond to the link's "near node" with respect
 

if a path were traced from the reference
to the reference node. "Near" means 


node to the link, the link's "near node" would be reached first. The link's
 

"far node" would be reached last. The first "near node" entry is the node
 

numh.r, the next entry is the node's input or demand. If the node has an
 

input, enter the input flow. If the node has a demand, enter the flow
 

If the node is merely a junction or pseudo-node,
demanded prtceded by a "-". 


"near node" entry is the ground elevation if the node
enter "0." The last 


is a non-input node, or the elevation of the hdraulic grade line if it is
 

an input node.
 

The next three entries are for the link's "far node." They are identi­

cal in format to those described for the "near node." (It is crucial that
 

the "near node" and "far node" entries are in the proper sequence - this
 

is part of the system by which the computer can understand the networkgeometry.)
 

The last link er.try is "I" if the link's far node is a terminal node.
 

It is "0" if the links far node is not a terminal node (but is an interior
 

node). Finally, it is "2" if the link's near node is the reference node,
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regardless of whether the far node is terminal or interior. (If the reference
 

node is interior, more than one link will have a "2" entry here.).
 

The link DATA statements for the example are...
 

2060 DATA 1, 1, 2, 100, 50, 1, 0.5, 20.0, 3, 0, 1.0, 2
 

2070 DATA 2, 0, 0, 140, 120, 3, 0, 1.0, 2, -0.4, 3.0, 1
 

2080 DATA 3, 0, 0, 140, 100, 3, 0, 1.0, 5, -0.2, 2.0, 0
 

2090 DATA 4, 0, 0, 140, 150, 5, -0.2, 2.0, 4, -0.15, 5.0, 1
 

3100 DATA 5, 0, 0, 140, 150, 5, -0.2, 2.0, 6, 0.25, 12.0, 1
 

After the last DATA statement, there is an END statement...
 

3120 END
 

The problem is now ready to run.
 

The example problem was run on an CP/M based Osborne 1 microcomputer
 

which uses a Z80A microprocessor. The problem took approximately three
 

minutes to solve. The solution is:
 

Link # Length of 2 cm Length of 50 cm
 

1 0 m 500 m
 

2 7.48 1192.52
 

3 85.09 914.92
 

4 0 1500
 

5 6.69 1493.31
 

The construction costs are $775,038.
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i**SOLJRCE LISTING FOR NODELINK***
 

10 READ T$.NL,NT,ND,PF,MR,RH,NE,NU,NO
 
20 LL=NL+2
 
.0 DIM Df(NL,14),LF'(NT,LL),P(ND),DI(ND)
 
4C) FOR 1=1 TO ND:READ DI(I):NEXT I
 
50 FOR I=1 TO ND:READ P(I):NEXT I
 

6C, FOR I- TO NL:FOR J=l TO 10:READ DA(I,J):NEXT J
 
70 FOR J=12 TO 1:READ DA(I,J):NEXT J:NEXT I
 
On PRINT "THE ORIGINAL DATA FOLLOWS":PRINT
 
9u FOR 1=1. TO NL:FlI1 J=l TO 14
 
1()0 PRINT DA(I,J);
 
I110 NEXT J:F'RINT:NEXT I
 

1 -.Fl If1=1 TO NI:S=S+DA(I, 10) :NEXT I
 
I It," -1-1 I--110 Nl
 
15i, 'IT .O(1,17) K; 2 GOTO 180
 
1 5t )A(I , 7)
 

III0 'FXT I 

H9f-ir AS;(S) '.: .01 THEN PRINT "WARNING--THE NETWORK INPUTS AND DEMANDS ARE OUT OF 

I5 IF AS(S)>.01 THEN PRINT "BALANCE BY";ABS(S)
 
' EFI. THE ITEkATIONS TO DETERMINE LINK FLOWS BY CUMULATING FLOWS AT DOWNSTREAM
 

kilK NODES FOLLOW
 

I 0 F .JL I-I TJ Nl 
.20 IV 09(1,13) I.1 GOTO 340 
>?7, II (1,I1) 0 GOTO 280 
240 LEN 1)9 (I,* IC,) IMFLIES A DEMAND NODE 

DA5( It)=DOA(I. 10)I) 


0 0I 4 =-A I 0
 
:7u) 1(11.[1) 3)-40
 

70 IF DO (1,1 7) 72 GOTO 320 
2-.'90: , )=D (I, :10)O 1 


:2"0 D(I , 11) =DA (I 10) 

D (I .14) DA (I,10)
*'B( NEXT I 

D' RiEM WE NOW HAVE LINK! FLOWS IN ALL TERMINAL LINKS
 
60 RM I L.OW 15 -. IF DIRECTED AWAY FROM THE REFERENCE INPUT
 
.' F k 1-1 TO NI.
 
, 1/17IF 'CI,14) 0 GOTO 51C) 

-.'V ,' 
 .
 

', I I 10( J] I TO0 N L 
41() If 1-() ,9) ' DO (.,6) GOTO 460 

'1 11: D (J, 14)=Q GOTOIF 500
 
,11 c,(I 11. -DA (1, 11) -DA (J, 14)
o0 , 


'L,(- 'I I-F NL(YT lVE IN ABOVE STATEMENT IS BECAUSE FLOWS ENTERING NODES ARE NEG.
 

d', I)0 11)], 1 I) -DO(1. f-DA (I, 10) 

1 I . I IIFN DO (I, I 1)=0 

, , I I. l I] NL: IF DA(, 1 1)=0 GOTO 370 
. Pi4(T I 

,I. r'rIIf :'kINf "]I-E LINK. -LOWS HAVE BEEN DETERMINED":F'RINT 
o 	 F<,:INI 'rim _INE FLOWS ARE (+ FLOWS ARE AWAY FROM REF NODE).. .":PRINT
 

-- TO NL:F'RINT ­,,H F:I)L F) "LINK ";I, "FLOW ";DA(I1 14):FRINT
 
70 Mr-X I I
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580 FOK i=. ,u iwI:FOR J=l TU LL:LP(IJ)=O:NEXT J:NEXT I 

590 R=O
 
1.0-0 RC = (-) 

610 RC=RC+1
 
620 REM RC=l IMPLIES TERMINAL NODE CONSTRAINTS(BOTH SOURCE AND DEMAND TYPE)
 

630 REM RC=2 IMPLIES CONSTRAINTS FOR SOURCES AT INTERIOR NODES
 

640 FOR I=1 TO NL 
650 IF RC=l GOTO 720 
660 IF DA(1,13) >0 GOTO 970 

670 IF DA (1,10) <= 0 GOTO 970 

68C R=R+I 
690 IF R>NT GOTO 1010
 

700 LF(R; 1)=1 
710 GOTO 760 
721 IF DA(I, 13) > 1 GOTO 970 

7 70 R-R I 
/4o IF !)A(I, 10) <0 THEN LP(R, 1)=0 

75,( IF 1)A(1,10) >0 THEN LF'(R,I)=1 
"") 	 FI( , LL) =DA (I, 12) 

780 LI" (R, C) =DO(I. I) 
,71?) C:: 1 

flU) j--):(K C) =DOA(1,4)
 
Ii 10 C=C + 1
 
Fi?1' L F"(R, C) =DA .(1,
14)

-}.0 I': I 
{:{1'7 3010 [36C 

'Jij6," FOR J=1 TO NL 

fl/) IF Do(,13) =2 GOTO 970 

(KV4 IF DA(J.9) K> DA(K,6) GOTO 960 
(J-1) +­89C C=3 

90(j LF(R,C)=DA(J, 1) 

r9:.) L'( ,C)=DA(J, 4) 

946 L.F'-:,C)=DA(J, 14) 
'/S.' 3".tJ FO 850 

, lf .X 1 
',-1 I.E![V 

', v I! R 101011 GOTO 
WRITE LP ROWS FOR SOURCES AT INTERIOR NODES
) , ) RFM NOW 


I OuGO -PIO 610
 
SC,0 	 I NT! 

i:o 	 F',*:N- "MATRIX LP COMING UP...":PRINT 

!0t. 	 FfO' I=1 TO NT:FOR ,=1 TO LL:PRINT LP(I,J);NEXT J:PRINT:NEXT I 

FRINT "THE DATA WILL NOW BE WRITTEN TO A SEQUENTIAL DATA FILE NAMED LPDATA"10,0 
r-- iOPEN "O",lI,"B;LF'DATA.DAT" 

1-61-) CLOSE 01 

/)') F ILL ":LPDATA.DAT" 
i0 1 OPEN "O",#t1,"B:LF'DATA. DAT" 

I C( PRINI #1,T$ 
I 1 im) PRINT fl,NT.NL,NDPF,MRRH,NE,NU,NO 
II1() FOR 1=1 TO ND 
1 11.'( IFIN T # ,*F'(I) 
1 	 ri-X 1 

'L RML TRANSFER THE EXISTING LINK NUMBERS AND THEIR DIA NUMBERS 

i f( Irf ' I I TO NL
 
i D) I(, 2) =0 GOTO I180
 

1i 7)) F; I NT 0 1,DA(1, 1) , DA (I , 3)
 

I 0o( NFI:<T I
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1190 FOR I=I rO ND
 

1200 PRINT #1,DI(I)
 

121) NEXT I
 

1220 FOR 1=1 TO NT
 

1250 PRINT #1,LP(I,I)
 

124') FOR J=1 TO NL
 

1250 C=O
 
126) FOR K=I TO 3
 

1270 R=.*(J-1)+K+1

120N=LP(IR)
 

129:) IF N <." 0 GOTO 1330
 
13,')0 C=C+I
 

I1.IC IF C=1 THEN PRINT 4I1,0
 

I *;?( (3OTfO 1340
 

1 ,3C FR'INT 111,N
 
1-*54-0 NEXT K
 
I7,t() NEXT J
 

1".60 FPRINT #1,LP(ILL) 

1-7'1 NEXr I 
I--,O FO( I=I TO NL 
1!59Q FRINT fIlDA(I,5) 
1 'I'' NEXT I 
141 .1 CILOSE #1 
I.10 	PRINT "TYFE "RUN BRANCH'"
 

OW"()DATA PROJECT EXAMPLE NETWORK
 
2,)I) DATA) 5.2 

"21: DATA 5.', 1.0,20.C0 

20>) DATA 1,2,I 
2J10Q DAtTA ::,50 

::o,-o 1 (-A 100. 00, 15'). n0 

e(,LrDATA I, I, I.,, I I ,500. 1 ,0.5,20.0,3,0, 1.0,2 

C)7 0 DATA 2, 0, 140. 1200 3,0, 1. 0.2,-0.4,3.0, 1 

'fl] DATA 0,0, 140. 10(m)q,3,0, 1.0.,5,-0.2,2.0,0 

2090 D[rA 1.0,0, 140, 1 5 0 0,5,-0.2,2. 0,4,-0. 15,5.0, 1 
::ic: DO rA. ,,0, 14, 15c),5,-0.2,2.0,6,0.25, 12.0,1
 

2110 END
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'**13 NCH bL LLIS Iib* ~ , 
,, 

lo
~20 

OPEN:," 1" 41 
INPUT 11 T$ 

11B: LPDATA. DAT"~-
NTN~NFM.HNUN, 

r Y 

30 IY=NL*ND+1',4 K 

5o IZ,--IY+NL+NT 
~6o "IW=NT+NL . -~.<i 

70 IX=IZ-11 
7- 0­

00~c~FOR'3 I1TO ND- 3-j 

' I410' 
3120, 

INPUT * 1,P(I) 
IF P(I)> MP THEN MPP(I)­

140A NEXT 'I 
$150 rle=i0*MP 
V~160 FOR 1=1 TO NL-1­

170 L=ND*I,~0 
1UGl() FOR 3=1, TO 
190 L=L+l 

ND 
3 3 

,'-333~3 

3- 34 
- 0 P (L)=P(1)3 

210 NEXT J 

<220 NEXT I­ -
230 FRu- 11IY+NT TO 

§240 PF(I)=-MP 
IX . 

'250 NEXT I 
260IF NEQO GOTO 390 

'~270..FOR 11=1 TO NE 
280: INPUT ila 
290: INPUT #,K-. 

3-33-3'3 

3r0( FOR 1=1 TO NL 

,'3 1 0 IF 1>3GOTO 370 : 

330 L=I-)*ND+3 
340, P (L) -MF 

530 IF J=f.1*I; THEN 
Zr60 NEXT 3 

P(L0 
-

>=-. 

333 

.370 
38 :) 

7-1390 

NEXT I 
NEXT- II 
FOR 1=1 TO ND 

S400 INPUT #1,DI(I) 
U410 NEXT I 
4120 IF N01l GOTO 4501 
4730 PRINT "THE DATA ARE BEING READ...":PRINT 
44o GOTO 490 
450 PRINT "THE DIAMETERS ARE..." 
460 FOR I=1 TO ND 
470 PRINT DI(I);, 

K480 NEXT I:PRINT 
S490 FOR, I=1 TO IW:FOR 3=1 TO IZ:DUI,J)-ONEXT J:NEXT I­

&~500 REM THE ORDER OF CONSTRAINTS IS ...TYPE I HL CONSTRAINTS ARE FIRST IN NODE 

51SCREM ORDER. THEN ARE TYPE 2 HL CONSTRAINTS IN NODE ORDER. LAST ARE LINK 

S'520 REM LENGTH CONSTRAINTS IN LINK~ ORDER. '-- *-'-y 

~'<530 REM LOAD 'THE HEADLOSS CONSTRAINTS! COEFFICIENTS 

W54) 'FOR 1=1 TO NT 
5~50 INPUT0,,I 
56()60REM IS=O IMPLIES THAT "THE CONSTRAINT IS ADEMAND TYPE 
p570 REM IS 1 IMPLIES THAT THE CONSTRAINT IS A SOURCE TYPE 

5008fREM INTERIOR SOURCES ANDf TERMINAL SOURCES' I1S=1') ARE TREATED IDENTICALLY y 

590-IF IS51 THEN FP(IP+I)=-MP 

.3..3333., 'b. 
'''- 3

-" ' 



600 IF 	IS0QTHEN P D(IP+I)=O ''' 1;. J 'i 

6 101 L-0 .
 
620 FOR3J1TO NL
 

* 	630 'IN4PUT #1,JY ,
 

REM.640JY0 IMPLIES THAT, LN I.Nk"J Is NOT ON THE CONSTRAINT'SPATH
 

r 	 650 IF J'Y0 ATHEN L=L+ND." ;<w'~v~
 

660 1F Y=0GOTO 840 AA 
 A 

670 IF4UT #I,1C 	 <A' 
6BO INPUT #GI
 

_____69.OIEINUI-HENzP.O=.0' 55 
 A 

700 IF NJ=2 THEN' CO=162f00!A 
"1 I ,.NU.3 THEN CO=17 0 


720.EOR K=l TO ND
 
730 L=L+l
 

750 IF 	 IS=0 THEN GOTO 800 
* 	760 REM THIS IS FOR TYPE 2 (SOURCE) HEADLOSS CONSTRAINTS
 

770 IF 0>0 THEN D(I,L)=-D(I,L)ONPTFRMSUE
 
780 REM WHEN 0>0 THEN HEAD IS GAINED IN THATALINK'O AHFRMSUC NLJE
 
790 GOTO 630
 

800 REM THIS IS FOR TYPE 1 (DEMAND) HEADLOSS CONSTRAINTSA
 
610 IF Q-;C) THEN DIL)=-DcIL)

820 REM WHEN 0 HEAD IS GAINED 'INTHAT LINK ON PATH FROM REF NODE
 
83.0 NEXT K-.
 
640 NEXT J
 
8 50 INPUT ttl,EL
 
660 IF I6=0 GOTO 940
 
670 D(I,IZ)=EL-RH
 
80o IF D(I,1ZDO.C)GOTO 950) ­

890 FOR 3=1 TO IP
 
-900 D(I,J)=-D(I,3)
 
910 NEXT J
A 

920J D(I,IZ)=-D(I,IZ)
 
9"30 GOTO 950.
 
940 D(bIZ)=RH-(EL+MR) 

A''~5NEXT I 

960 IF NO=0 GOTO 1000
 
970 PRINT' "THE COST COEFFICIENTS FOLLOW..."
 
960 FOR I=1 TO IX:PRINT P(I);:NEXT I
 
990 REM LOAD THE. LENGTH CONSTRAINTS' COEFFICIENTS
 
1000) FOR I=NT+1 TO IW
 
1010 L=ND*(I-(NT+m"
 
1* FOR K~1 'ND
120 TO 

10310 J-L+K
 
1040 D(I,3)=1
 
1050 NEXT K
 

=-;	 $;:zz)
1060 INPUT #1 LE
 < A A 	 .... . 
1070 'D(I,IZ)=LEA~I~'A '" A A' =R . A( , A A A, A I 	 A '+ A A: AI'.A ' A'" ".-A'''A1 

.1060 NEXT I	 J117.!7':;: 7 {7 7 7+i' 777 777;t+ :;
N EA,' 	 7 AA A;7i+ + A 'A' 
,I oA0 :'' A AA:N0,o 1 ... ..	 II '. II ; '1 )Aj A:i'1090 FOR I=1 TO IW 

"'"-'Ai ,R'j'ES'A IA "'A: :: A-A ,'I A ''A'I ATS c AEFA cA< A ANT- '' '''A A A '' "'" 'A, ' ONS 	 ; ":i1110 D(I,J)=l

=N',T+I~ 'A4 , ,A gAA '''A"'( AA A. ~ A '"'A ' AAA'~, ' ' '~ A I, AAI

1120 NEXT' I A 

1130 CLOSE *1 
1140 IF NO=l GOTO 1170A 

* 	1150 PRINT "RELAX WHILE I WORK ON TH7IS PROBLEM..
 
1160 GOTO 1210
 
1170 PRINT:PRINT:F'RINT "MATRIX D FOLLOWS... ":PRINTAI
 
1180 FOR I=1 TO 1W
 

JAA 	 AA1190 FOR 3=1 TO IZ 	 I' 

<A.. 	 .. ..
 



__ _ _ __ __ 

12)c)oOAPRINT L)u(,J);NE.XT 3 PRINT:PRINT: NEXTA I
 
.1210,FOzN=IYTO IX
 

;1220 FOR L=I TO IW
 
12301F D (L, N) 1 GTO'1260 

~1 '40A NEXT-L 
S1250 OO3T0 1270
 
1260 IBL)N
 

Aj~270 NEXT N ' .A A 

A128Q0 
, 

______ ______ 
.. l
A1290 FOR TO __ _ _ 

A:­
1~320 NEXT N -* 


133~0 NP=O
 
13~40 StM=0
 
1350 FOR N1l TO IX
 

lZ70 IF N=IB(I) GOTO 1490
 
138.~0 NEXT I
 

9(:): SU=0
 
14()(: FOR I=1 TO IW
 
1410 J=IEI(I)
 
1420T. SUfrSU+P(,J)*D(I,N)
 
147-0 NEXT I
 
1440 SC(N)=F(N)-SU
 
1450 IF 6C(N) <= SM GOTO 1480
 
1460 SM=SC(N)
 
1470 PC=N
 
1400 NEXT N
 

'~1490 FOR M=l TO 1W 

15...10 SC(IB)
 
1520 NEXT M
 
1530 IF SM <=0 GOTO 1990:REM WE HAVE OPTIMALITY
 

41540 NP'=NF'+I 
'*A 

At 1550 SL=1E+30 
X5 60 FOR M=l TO IW 
15.70 IF D(M1,PC) > 0 GOTO 1590) 
'1520 GOTO' 1640
 
1590: O=D(M,IZ)/D(M,PC)
 
1600 IF (O-SL) < 0 GOTO 1620
 

.1610 GOTO 1640 
j' 1620 PR=M 

A 

161-0 SL=Q~­
1640 NEXT M
 
1650 IB(PR)=PC
 
1660 DV=D(PR,PC)
 
1670 FOR N=1' TO IZ
 
1680 CR=D(PR,N)
 

++++'+++ ; ++++++++j++++ + ++:+++l+ .
+ ++ ++ p+ + ++ + + + ++++++ +++++ + . ....

A" ' ' ++ + + ++ + 'A' A++ ?M +++ € :+1690 D(PR,N)=CR/DV0 

+ +++++++i++++++; +++++ : ++; :+ + ++++++;+S+:++
- AA '>A++O 01700 NEXTAAF" N(A +G O O + + +++i; 
"A ++++++ A+++++?<oo+¢ A A: 

+ 

:+ ++ii ++A Ai+++; + ++ +;+i+; +? +A;++++++ +++ ? + :i+ +++ + ;i+1710 IF NO~1 GOTO 1740 ::+ :: :+++;+++:: ::: ++++ :+?Y ++++++++ +++? +:+: +:+++ +++++:++A+;++ +­''4 4o; +A AA AY + :+::++::+:+:: ++ : :++++++:+++++++ +++,++:++++
BY HAND!"
1720: PRINT:PRINT "IF YOU THINK THIS IS SLOW, TRY IT 


17ZO 1780 +++++ +++++++++ +++++++?+++ :y ++i+i: i AAA= 

A~A GOTO c +++ // ++ ++++++++;++ ?+++++ A /:+ + 

+
+ .: ++++ + " 'AA*A" :+ ++++++;+ c + :+:+::+:+ +++: 1, A A"AAA.++;++ + ++i21740 PRINT "ISIMPLEX CRITERIA" 
V1750 FOR N=i TO IX AA'' 'A 'A
'AA'AA',,,.AAAAA,,o i'A'A4~ 0 
1<760 PRINT SC(N); 

+::+ H ~ <: V'iA" "";:+~ H : SAO Y-'""4.,'A4ARAATAAIN+AA4AtIF: 

.A.4AA 'A 'A
~Ki770NEXT N 

"A 3A'" 'AAAA~AAAAA ""AA>4' A~~4AAAA'GOTO ~1>'780 N=NF,-1 
A 

XAAA.AAAA AA:A !A.iA4A A'A ;AAAA} W<? A A A 4'A'AA179Q:IF NO=0 GOTO 182'0 
A A - -._74 
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1800( PRINT:FRoJT "THE OBJECTIVE FUNCTION VALUE 
IS ";-Z:PRINT
 

1610 PRINT "TABLEAU # ";N
 

1020 FOR M-I1 TO IW
 

1830 iF 'C )
(M-PR)=( GOTO 1900
 
1040 CM=-D (M, F 

1050 FOR N=l TO IZ
 

1860 IM=D(PR,N) CM
 

107(1 SII=D(M,N)
 
180 D(M,N)=SK+IM
 
1090 NEXT N
 
1900 IF NO=0 GOTO 1960
 
1910 PRINi "X(":9I(M);") ";:PRINT 

= I
1924) FOR N TO IZ 
1930 FHFINI D(M,N) 
I 1?'(- NE XT N
 
1950 F RINT: PRINT
 
1960 NEXT M
 
1970 Z=Z+SI_*SM
 
1930 GOTO 1310
 

"ENOUGH OF THIS ITERATING...":F'RINT:PRINT 

2f(00 F'RINrT "THE LEAST COST DESIGN FOLLOWS.. .":PRINT 

FRINi "THE COST OF THE DESIGN IS ";-Z 

1990 PFINT':F'RINT 

201() 
21)20 PRI NT 
24:30 L=O 

2 40 FOE 1=1 TO NL 

L2l0' F , -1 TO NDJ[JR 

2070 FOR V=1 TO IW 
20IF IF I-(I) I L GOTO 2100 

2:494: FFRINT "THE LENGTH OF DIAMETER ";J;"IN LINK ";I;" IS ";D(K, IZ) 

2100 NEXT I' 
2110 NEXT J 
"2120 NEXT I 
2 130 Ri Ni 
214'1) L=0 

21(' FOR I=IY TO IY+NT-1
 
2160 L-LrI
 
2170 FOF: K=l TO IW 

2180 IF IB(K) <.> I GOTO 2200 
SLACK IN TERMINAL NODE CONSTRAINT ";L;"IS ";D(KIZ)219C4 PRINi "THE 

22040 NEXT I' 
221 NEXT I 
222(4 FOR) I-Y+NT TO IX 
.2._(: FOR Ki=l TO IW 

2'110 1F I (K) K' I GOTO 2260 
2250 FRINT "THIS PROBLEM IS INFEASIBLE--THERE IS EXCESSIVE HEADLOSS" 

:.'260 NEXT K 
2270 NEXT I 
:223 FOR- I=IY TO IF'+NT
 
29:' FOR K=I TU IW
 
2.)ou IF IB(:) ,' I GOTO 2340
 

21(o IF F'() ,o GuoTo 234:)
 
2"20 PRINT "THIS F'ROPLEM IS INFEASIBLE"
 
274P RINT "W11EI-. IS AN UNSATISFIED MULTIPLE SOURCE CONSTRAINT"
 

2T ) rJN Xf K
 

Y.50 N[EXI I 
27.0 EIDI 
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APPENDIX H
 

USER INSTRUCTIONS FOR THE CLOSED-CIRCUIT
 

WATER DISTRIBUTION SYSTEM SIMULATOR PROGRAM
 

"LOOP" IN THE BASIC LANGUAGE FOR MICROCOMPUTERS*
 

1982
 

Developed by Keith Little, Department of Environmental Sciences
 
and Engineering, University of North Carolina, Chapel Hill, NC 27514
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General
 

"LOOP" is a program written in the BASIC language that simulates
 

flows and pressures in a looped (closed circuit) water distribution
 

system. Some dialect of the BASIC language is supported by virtually
 

all microcomputers. LOOP accomplishes three algorithmic tasks. The
 

first is, from user-specified nodal inputs and demands and system
 

geometry, to determine an initial flow-balanced network. From this
 

flow-balanced network, the second algorithm uses the hardy-Cross
 

technique to systematically change the link flows in such a way that the
 

headlosses around each loop cancel to within a user-specified tolerance.
 

The third algorithm calculates final link headlosses and nodal pressures
 

based on the flow distribution determined from Hardy-Cross, LOOP's source
 

listing is in the Appendix.
 

The Hardy-Cross method is well suited for microcomputers. The
 

network is described mathematically by a system of simultaneous, nonlinear
 

equations. The network simulation is the solution to this system.
 

Network simulation algorithms designed for mainframe computers operate
 

on 
all equations in this system at the same time using numerical techniques
 

such as Newton's method. This strategy requires a considerable internal
 

memory even for moderately-sized networks. Hardy-Cross is essentially
 

Newton's method applied to a single equation (of the system) at a time,
 

thereby greatly reducing internal memory requirements. The cost is that
 

convergence to the solution is slower and, in some cases, may not occur
 

at all.
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Limitations
 

LOOP is designed to simulate networks consisting of a single
 

input, multiple demands, and a geometry in which the number of links
 

(pipes between input/demand points or nodes) in each loop is either
 

2, 3, or 4. LOOP is, in fact, written for links per loop (the standard
 

urban layout); however, "pseudo-nodes" can be introduced in loops
 

consisting of 2 or 3 links to effect a four-link loop configuration.
 

A pseudo-node is an artificial node with no input or demand.
 

The network is assumed to have a single input and a single known
 

hydraulic grade line (HGL) elevation either at the inpu. node (the
 

common situation) or some other node. LOOP will find a "solution" for
 

multiple inputs and a single specified HGL elevation, but there is no
 

guarantee that such a system is physically realistic, i.e., rarely can
 

one specify an input at a node without also knowing the pressure at
 

that node.
 

LOOP does not accomodate in-line hydraulic elements such as booster
 

pumps, pressure reducing valves, etc.
 

The units for the network data and solutions are english. Lengths,
 

headlosses, HGL and ground elevations are in feet. Pipe diameters are
 

in inches. Input(s) and demands are in cUbic feet per second. Pressures
 

are in pounds per square inch.
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The daca for the modified network are entered as follows:
 

Data statement 4000 contains any descriptive name (alpha-numeric)
 

that begins with a letter.
 

4000 DATA EXAMPLE NETWORK
 

Data statement 4010 contains the stopping criterion for the
 

Hardy-Cross headloss-balancing algorithm. A large value of the
 

criterion results in rapid convergence at the cost of lesser
 

accuracy and vice versa.
 

4010 DATA IE-04
 

Data statement 4020 contains, respectively, the numbers of loops,
 

links, and nodes (including pseudo-nodes).
 

4020 DATA 2, 7, 6
 

Data statement 4030 contains the link lengths in sequential order
 

of link numbers, i.e., 1, 2, ...
 

4030 DATA 1200, 1000, 1200, 1000, 1000, 500, 500
 

Data statement 4040 contains the link diameters also in sequential
 

order of link numbers.
 

4040 DATA 12, 12, 15, 8,. 12, 20, 20
 

Data statement 4050 contains the link's C value (Hazen-Williams
 

coefficient) in sequential order of link numbers.
 

4050 DATA 100, 100, 100, 100, 100, 100, 100
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Data ste.tement 4060 contains the ground elevations of the nodes in
 

sequent',al order of node numbers. Note that ground elevations for any
 

pseudo-nodes must be known.
 

4060 DATA 2, 1, 3, 2, 5, 3
 

Data statement 4070 contains, respectively, the node number at which the
 

hydraulic grade line elevation is known and the elevation. This will
 

typically be at the input node.
 

4070 DATA 3, 50
 

Data statement 4080 contains the input and demands of the nodes in
 

sequential order of nod. numbers. The demands are input as negative
 

quantities. Pseudo-nodes have 0 demand.
 

4080 DATA -1.5, -2.5, 10, -2, -4, 0
 

The remaining data staterients specify the network geometry. There are
 

four statements (one for each link) for every loop and three entries
 

per Atatement. The (sets of) loop statements are entered in sequential
 

order of loop numbers. The loops are not explicitly numbered in the
 

statements but it is necessary (for the user to understand the solution)
 

that this ordering scheme be followed. In other words, the first four
 

statement will be designated by the program as for loop #1, the second
 

four for "Irp #2, and so on. Each of the link data statements for
 

a given loop contains, respectively, the link number, tie "couniter
 

clockwise" node's number, and the clockwise" node's number. The counter
 

clockwise node for a given link in a given loop is the node (attached
 

to that link) that is first encountered when traveling in a clockwise
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The clockwise node is the last encountered.
direction around that loop. 


For example, the data statement describing link 4 relative to loop 1
 

is: Data 4, 4, 3. The statement for link 4 relative to loop 2 is:
 

Data 4, 3, 4. Within a loop, the link statements can be arbitrarily
 

ordered. For loop 1, we have:
 

4090 DATA 1, 3, 1
 
4100 DATA 2, 1, 2
 
4110 DATA 3, 2, 4
 
4120 DATA 4, 4, 3
 

Similarly, for Loop 2:
 

4130 DATA 6, 6, 5
 
4140 DATA 4, 3, 4
 
4150 DATA 7, 4, 6
 
4160 DATA 5, 5, 3
 

After the last data statement, there is an end statement,
 

4170 END 

The example network was run on an Osborne 1 Microcomputer using the
 

Z-80A microprocessor. The solution is given below.
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THE LINK FLUWS AND HEADLOSSES FOLLOW... 
FOR LINK it 1 THE FLOW IS 3.68067 AND THE HEADLOSS IS 12.5434 

FOR LINK 44 2 THE FLOW IS 2.laC)67 AND THE HEADLOSS IS 3.96883 

FOR LINK # 3 THE FLOW IS .31933 AND THE HEADLOSS IS .0459563 

FOR LINI # 4 THE FLOW IS 1.61993 AND THE HEADLOSS IS 16.497 

FOR LINK 0 - THE FLOW IS 4.69939 AND THE HEADLOSS IS 16.4266 

FOR LINK it 6 THE FLOW IS .699396 AND THE HEADLOSS IS .0201175 

FOR LIN # 7 THE FLOW IS .699796 AND THE HEADLOSS IS .0201175 

THE FLOW DIRECTIONS RELATIVE TO THE LOOPS ARE...
 

IHE FLOW DIRECTIONS RELATIVE TO LOOP 	1 ARE... 
IHE FLOW IN LIN ti 1 IS CLOCLWISE 
VIAL FLOW IN LINI. it 2 IS CLOCKWISE 

TIH( FLOW IN LIN # 3 1IS COUNIER-CLOCKWISE 

THE FLOW [N LIN: I 4 IS COUNTER-CLOCKWISE 

1i0 I-LOW [ IRE[I[INS RELATIVE TO LOOP 2 ARE... 

THE. FLOW IN LINI *1 6 IS COUNTER-CLOCK WISE 

Ti-iE FOI-OW IN LINI 4 4 IS CLOCfWISE 

THI- FLOW IN LIN $ 7 IS COUNTER-CLOCKWISE 
TI-IE FLUNl IN LINI It 5i IS COUNTER-CLOCKWISE 

,TH NODE EL'5G-GL S, AND FRESSURES ARE... 
37.4566 AND THE PRESSURE IS 15.7440f-0VP NOUDF t I iHE BROUND El- IS 2 THE 	 HGL IS 

-,THE HGL IS 33.487 AND THE PRESSURE 	 IS 14.06FOk NODE 4 2 THE GROUND EL IS I 
J7OF", NODE 4 . THE G!ROUND EL 15 3 .THE HGL IS 50 AND THE PRESSURE IS 20.340)6 

AND THE PRESSURE IS 17.6471
FOL NODE 4t 4 THE GROUND El lb 2 THE 	 HGL IS 71.537 

HGL IS 33.5739 AND THE PRESSURE IS 12.3662
FOR' NDE it S THE GRPOUND LL IS 5 ,THE 

1S 33.5538 AND THE PRESSURE IS 1.223 
FOR NODE It 6 THE GROUND El- IS 3 ,THE 	HGL 
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SOURCE LIS i GeJFOR LOOP*** 

10vREADT$ 
READ S.c 

5 REM -T$ IS THE PROIJECT TITLE 
.401 READ NLNN 
50 REM,N-IS THE A THLOOPSHL I N 
SO REM ,NNJS THE # OF -NODES N IS THE* OF LINKS 

~ 30DIML1'L) 5() 0L) QC (L) ,K (L) ,C (L)',HL (L), LC,(N)~S 2 

? DIM P(N .0 
O00"EOR ILI~ L4 4T 

10O READ LiuF4444,, . 

.20 NEXT I 4 

~ 30 FOR4 1=1 TO ,L 
,40,FREAD S(I) 

*.50 NEXT I 
f;.60 FOR I=1 TO L 
'.70 READ C(I) 
4! 80 NEXT I 
> 96 REM P (1, 1) ARE THE NODAL.GROUND ELEVATIONS . 

!00 FOR' I=1 TO NN 
~I( READ P (I ,1)4 

<' 20 NEXT I 
!:Z(:REM FU1 2) WILL BE THE NODAL HGL'6--ONLY ONE WILL BE KNOWN INITIALLY 
1'40 FOR I=1 TO NN:F(I,2)=0:NEXT I 
150 READ I 
.60 READ PU1,2) 

REM P(I,Z) IS THE KNOWN NODAL.HGL FROM WHICH ALL OTHER HGL'S ARE DETERMINED
'7

!0REM P(1,4) IS THE VECTOR OF NODAL INPUT/DEMANDS
 

:00 FOR 1=1 TO NN
 
lo1READ P(1,4)
 
.20) C=C+P (1,4) 
30 NEXT I 

~, 40 FOR 1=1 TO NN 
50 NEXT I 
60) IF ABS(C),,'.01 GOTO 390
 
7('. PRINT "THE NODAL INPUTS AND DEMANDS ARE NOT IN AGREEMENT"
 
E60 PRINT "ICHECK,, YOUR DATA AND TRY AGAIN!":END
 

-* 90 FOR I=1 TO M 
00 READ D(l,1):READ D(I,7,):READ D(I,4) 

10 NEXT I 
"20 PRINT "THE FLOW-BALANCING.ALGORITHM WILL BEGIN..." 
-,Q FOR 1=1 TO L 
4(:)0 (1)= i 
50 0C(I)=0 
60 NEXT I 
70 REM FIND ALL "CRE"NDS(THOSE WITH 2 ATTACHEDUNASSIGNED LINKS
 

~.80 REM ASSIGN 0 TO THOSE 2 LINKS TO MEET DEMAND AT 'NODE I 
90.- PRINT "WE'LL NOW CONSIDER NODES WITH EXACTLY 2 0-UNSPECIFIED LINKS". 
00Q FOR I=1 TO NN 
10 ,PRINT "THE NODE 0~ IS"l;I 
* 0FOR K1TO 4:S1(K)=O:NEXT K ' , 

30 REM VECTOR Sl WILL CONTAIN THE #'S OF THE. LINKS ATTACHED TO NODE I
 
4~( 0 = 
50) FOR J=1 TO MI 
60 IF D(J,Z7)=I GOTO 590 
70 IF D(Jq4)=l GOTO 590 4 

90 GOTO 650 
-84-..444 

http:ABS(C),,'.01


#90 PRINT "LIN.K #";D(J, 1); "BEING CONSIDERED" 

,00 FUR K=1 TO 4 
1 C IF D(J,1)=SI(K) GOTO 650 
20 NEXT E 

. 0 S=S+ 1 
40 SI (S)=D(J, 1) 
,50 NEXT J 
.60 PRINT "THE LINKS ATTACHED TO NODE";I;"ARE..." 

-70 FOR 11=1 TO 4:F'RINT SI ()::'NEXT K 
80 REM NOW COUNT THE UNASSIGNED LINKS IN VECTOR Si 

90 C=0 
,:: FOR K=I TO 4 
10 IF SI (1')=0 GOTO 730 
20 IF 0C (Si (-.)) =C THEN C=CuI 
70 NEXT K 
41' IF C .-" GOTO 122)) 

i) PF,'INT "NODE"; I "HAS EXACTLY 2 [--UNASSIGNED LINKS" 

60 REM NOW ASSIGN DIRECTION INDICES TO THE 2 LINKS AND 

70 REM UFPDATE THE NODAL INFUT/OUTFUr VECTORF'(*,4) 

60 FOr: IF-I TO 4 
90 IF- S1 (!) 0 GOTO 109() 
0)C) II- DC (SI (1.)) :C) GOTO 1090 
1'- F 0Fk, J I TO M 
"2) IF 1) (J, 11(5U) GOTO 10O 

7.) IF 1)(J, 4) >I GOTO 960: 

4' CL.-)(J. i)REM CL IS A CL.OCi'WISE LINt: FROM NODE I 

]FF) I(I,4).:..) THEN D(J.2Y-1 

60 IF P(I,4 ) THEN D(J.2), ­

7. REM CHECI' IF LINE CL EXISTS IN ANOTHER LOOP AS A CC LINK 

[30 REM IF 5>,, UFDATE ITS DIRECTION INDEX ALSO 
91 FOR JJ-l 10 M 
0 IF D (JJ, I) .CL GOTO 930 

1I IF 1,3=J GOO 97,0 
D. 	 1) (JJ, 2) =--D (J,2) 

NEXT J, 
F )J)=F'(D(J, 4) +P (1,4) /2F(1)(JS,7 	 ) 

' 60T10 1(,9) 
I-) [CI:I_),.J,1):REM CC IS A COUNTER-CLOCKWISE LINK FROM NODE I 

70 IF F( I,4) THEN D(J,2)=-1 
-O IF (I,1) '0 THEN D(J,2)=I
?C 	 REM CHECI IF LIN[%'. CC EXISTS IN ANOTHER LOOP AS A CL LINK 

<'C REM IF SO], UPDATE ITS DIRECTION INDEX ALSO
 
1') FOR JJ=l TO M
 

IF 1) (JJ, I) -:-'CC GOTO 1050
 

.'. IF JJ--, GOTO 1050
 
-4 U (3J,2) =-D (J,2)
 

O5r' NE XT JJ
 
6) F'(D (J, ) , l4)=F'(D(J,4),4)+P(I,4)/2
 

)70 GOTO 109C)
 
1o NEXT J
 
)90 NEXT K
 

i '1C REM NOW ASSIGN OQS TO THE 2 LINKS 

I I( FOR [=I TO I 
120 IF DC(SI CE) )=C) THEN 0(S1 (K) )=ABS(P(I,4)/2) 

-7.0 IF OF(Si ( ) ) = THEN OC (SI (K) )= 

140 NE XT 

15) REM NOW UPDATE THE INFUT/OUTFUT VECTOR FOR NODE I 

160 F'(I,-)=( 
17) PRIN1 "THE FLOW VECTOR IS..." 
100 FOR J-1 TO L:PRINT J,Q(J):NEXT J 
1 9) FAINT "THE NODAL 1/O VECTOR IS..." -85­
200 FOR Jdl TO NN:F'RINT J,P(J:4):NEXT J 



12'4o IF QC(I)=0 GOTO'027 Q'~- '-­

1250 NEXT 1I<­
<1260 GLTO 2 10 

12 71)1 PR I lT "WE'LL NOW LOOK 0Tl" CPS, W ITH 1 G-UNSFECIFIED LINI~'j 
120RErI -NOW FIND. THE NOLES W11; SINGLE ,UNSPECIFIED,~ LI NK 

<~ 

1')90 REM THEN S>ATISFY THfI~ $r '' 

13o0 FOR 1=1TO:'NN2. . . 
. 1,1 FRINT' "THE NODE 44 I1 "3 I' 

~-l- C) FOR K= 1 TC. 4: S 1K =0: N E 'r [ 7>- 71,' 
14,ILRE-VECTORS1-WILL.,CONiTA N'-tTHL WS OF-L. I NiK-S-'rTALHED-TO-NNDE-I 

4' 

-,-' ---­

.-­;7C5 FO DJ~ =IOTTO90 

'h717'0IF D(J,4)=I GOTO 1~9V 
1:380 GOTO 1450 
1379?C. PRINT "LINM:, D3 ) ~'I( CONSIDERED"' ., 

1400 FOR 1:.=l TO 4 
I1410t IF D(J 1 1)=S1(K) GOT() 145C) 
1420 NEXT I,, 

* 1440 S1 (S)=D (J,l?1 
14q50C NEXT J 
l4o() PRINT "THE LINK:S ATYACHEI) T", NUDEll ARE." 
1471 FOR -K=1I TO 4: PRINT &.1 (K H~T K -

14B(C REM NOW COUNT THE 0U .TY)LINKS IN VECTOR Si 
1490 C=(') 
15C"1f) FOR K1 TO 4 
1510 IF S 1(K)=0 GOTO 15304 
1520 IF OC (SI(K.) )=0 THEN C=C+1 
15C-0 NEXT i- . 

151 'IF C<1.1 GOTO 190:C) 

1551)-PR INT "NODE"; 1; "H1-10 EXP.CT1Y I 0-UNSFECIFIED LINK"' 
1560 REM NOW ASSIGN THE DIRECTIOJN INDEX TO THE LINK AND 
1570: REM UPDATE THE NODAL I/O VFWCTOR4 
1500 FOR K=1TO 4 -

1590 IF S1(K)=0 GOTO 1620N­
16(00 IF fQC(S1.(K) :).C) GOTO -1620 

1610 GOTO 1630:REM'SI (K) WILL DiE THE UNSPECIFIED LINK #1 
1620 'NEXT It' 
167-C CC=0::REM CC WILL COUNT THE $4OF TIMES THAT THE I/O FOR 
16410 REM FOR THE NODE ATTACHED TO LINK Sl1K, IS- UPDATED 
16Sf: FOR J=l TO M 
1660- IF D(,101()GOTO 1790 
670( IF D(J,4)<-%I GOTO 1740 
1681: IF P( 1,4),,'0 THEN (3, 2)= 
1690 IF F'(1,4),:0 THEN D(J,2)m-1 -

t 70r -IF CC,>=1 GOTO 1790- -

M7() F(D (J,37), 4) P(D (J 43) , 4),tF' 1 4) ~~, -A--

L720 CC=CC+i 

.7410 IF P'(1,4)<0' THEN D)(J2)=i1 
70-50 IF FP(I,4)'10 THEN D(J,2)'r4 

, 760 IF EC>=1 GOTO 1790 

.770 FP(D(J,4) ,4)=F'(D(J,4) ,4)+FP(I4)

.760'( CC=CC+l 
790 NEXT J 
80:C) REM NOW ASSIGN 0 TO INFPW SI(K.) -6 
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"T W TO, ~ 1850 P7f' E'L VE 4 IS 2,. 

''7 P iINT~ "THE VEC0 -1-'"'FOLW Elr1.I.;7,M;,. 

4 ' ~ "N' EXT" J 'h4~i77~T86b()_'-FOR. J=1' TO NN:PRINT 
"1090l GOTO 1910Q' 

~1 7'7.~77777"'''199~o0 NEXT 1: ,. 7 7 
7 

BACK THRU NETWOR1,k'1 i!, .REM NOW.,CHECK IF ALL !r' 7 " ASSIGNED L S-IF NOT, DsO 

I 92,C) FOR~ I'= f TO L 7 

.. <.19569 'R-CEM ,CHECK IF Al.L AS f 0Ii'iY' AR~E NON-ZERO---THE ,HARDY CROSS 
V"f.1 

2 ~16Qiq REM ALGORITHM CAN ONLY J~~NPN-ZERO' L INk D'S 
19()J FOR = T 

-'''7 ,198 1FL(I)00TH N 

C.':r A 'ZLRO THE HARDY-"" '
1990 PRINT "LINI-K ti"l 1"; "~HAI., i9LN E FLOW. 


HANDL E THIS' LINK, FLOW. I SUGGEST",
2".~00 PRINT "'CROSS ALGORITHMI ChNrU'i 

2o. 1 PRIN1T "THAT YOU MAKE A VEF"'I'SI1AlL""CHANGE TO. THE NETWORK INPUT AND"
 

TO, ONE OF THE' NODES CONNECTED TO LIINI" 411
21u0F~N "NDTYGIN'Ef020COMFENSATINiPRINT "A 

7'"2 040. NEXT I 
A'i2050 'FR I NT "THE D MATRIX AFT[',R THf- FLOW BALANCING ALGORITHM IS. .. " 

j" ""."2060 1=1 M"6)FOR TO 
2070 FOR 3J=1 TO 4 

'2080 PRINT D(Iqn3); 
2090:) NEXT J:PRINT:NEXT I 
10 FIN:PRINT , 7 

21 I' PRINT "THE NETWORK: NOWh HA5. 0~ 'TARTING,BALANCED FLOW DISTRIBUTION"
 

2120 PRINT:PRINT""THE HARDY--CRn--S ALGORITHM WILK'NOW BEGIN..."
 

~K"~CKREM COMPUTE K VALUES FOR IHA21IEN-WILLIAMS FORMULA'7 

~2 110 FOR I=1 TO :L) 18 

2''160' NEXT I
 
7''."-" 2J IT =270 

2180 IT=IT-Fl'
 

2 = '2 ( ) 

K10 FOR 1=1 TO 4
 

~'2240' W=W+1 
~'2250 NEXT I 

T9=0 7 
'~'2260' 

:170 B1l=(7'7 
2 1'0 REM USING THE O-BALANCED NETWORK APPLY NEWTON'S INTERACTION iEQUATION 

2290FORI=1TO4
 
0'*B 

2310 FLJ) P.'J )* (J*L ( ))-.5 L J 

(J)2321 ()1 


2I3) T = 1.*J lU)l *BF( 3) 3 

:150C NEXT I
 
2":y6Q; C1T'9/4B ' 
 77 

2Z~80 FOR 1=1 TO04
 

?'1:) REM CORRECTION TO 0 AP-PL. LYJ) 

'''"'77''.~ .. 7 a.. 7 '7 ~' 7 - 4"47 7 7 



103(:) ( ) S I (II)-C1 )* 1 k ~1.2I~24 ~. 

A24 iR L I'1 CHECK, IF OLL <LOOPS H .) r~2 . CORR~ECTED* < 4 

CHECK, I FCONVERGENCE I 1 'H IN L IMIT1 SECIFICATIOUNS
 
~21 A16 IF T<SC ,GOTO, B
 

4425JIREM 

248C 
* 2170 PRI NJT "HARDY-CROSS 'IT F RA lIO \1I ";,IT; " COMLETD'60T0 16 

-047To ! (AS(,(4' 	 87))*L I (I) 

251 Q<REM NOW UPDATE D(1,2) 1-0k kLREED FLO)WS 

~"~'~ FOR J=I~ TO~4 	 ' 

K:2560 IF O(J)0 THEN D(W,2) - -P 	 < 

501FI W M GOTO 2530.
 
'Y2590 PR INT: PR INT "THE FLOWS A'l b HC'i-)PL-fSSES Th, L I Nf:S HAVE BEEN DETERMINED.
 

-95 FkINT' "TYPE 'RETURN' FOR THEt ISWULATION RESULTS"
 
26(.)() RINT "FO0R "";T$ ~
 
2610 1INPUT F$'
 
"'2., R INT "THE LIN[:: 'FLOWS ONf) flf-A'-L0SE5 FOLLOW. .. ":FPRINT 
2w'67k. FOR I11 TO L 
240 FR1NT "FOR LINK 0 ";1; " H'I- I"LiW IS'"B(cf A THE HEODLOSS IS ",;Hi- (1) 
2 65(0 NEXT I 44 

Id6.1NPUT 11TYF'E 'RETURN' F'.":, ':.0W DIRECTIONS RELATIVE TO THE LOOPS";,,FT
 
'671' PRINT "THFE FLOW DI LVU. ~IVE TO THELLOOPS ARE..."
.R. 

26131" W=0*
 
2690 FOR J~l TO N
 
270) F*RINT:PRINT "THE 'FLOW LUFi rISRELATIVE TO LOOP;J;l"ARE...2l.
 
2-710 FOR I=I TO 4
 
270 W=W±1'
 
27 C0 IF D (W, 2) 1'THEN PRINT " W. FILOW IN LINK #" D(W,l);"IS CLOC[::WISE"
 
"710 IF D(W,'2)=-1 THEN PRINT FLOW 'IN LINK #" ;D(W, 1); "IS CONTRCLCWIE
 
2 7 50 NEXT I'
 

61") NEXT J' 	 ' 

40 2770(' REM NOW COMPUTE HGL'S A) I-LL NORD ES 
2'7E0 FOR <1=1 TO N 
7 9 - FOR J~l TO 4 

1 

2 0(Ci C=4*m(I-1)+J: REM C IS THE.'C 0IOF MATR IX D
 
280 K=-D ( C, ) REM K IS THE itP~f.-JNG
! CONSIDERED
 
282t IF P(I-q-2)=(- GOTO 2850Y
 
20- P(D (C,4) 2) l'0 7
43: IF GOTO 

20140 P(D (C p4)'2)=P(K,2)-HL (Ir (CD,2)
 
2-850Q NEXT 3
 

2860 NEXT I
 
-70 REM NOW CHECK:. IF ALL NODES HOYE BEEN ASSIGNED HGL
 

2880 FOR 1=1 TO NNI
 
'8	21' 90 IF P-(I ,2)=C0 THEN GOTO273
 
2900 NEXT I
 
291 0 REM NOW COMPUTE THE PRES1;.WHE AT EACH NODE
 
290 F2=62.32/144 
2710 FOR 1=1 TO NN
 
294C, P(I,-3) =F2* (F(,)-P(I , I; 

2 9J NEXT I 
2960 FPRINT: PRINT': INPUT "TYPE PRE-lURN' FOR NODE ELEVATIONSHGL ~sqAND FRESSURES": Fl 

~70	29 PRINT "THE NODE EL'SHGI .3, ('N,1D PRESSURES ARE. .. ":PRINT
 
2)9 80 FOR 1-1 TO NN." 
 S 

2990 PRINT "FOR NODE 4V" I;l"THE f I3RO.UND EL IS"l; F(I J );' ,4 THE HGL IS": F'(142);
 
2995 P'RINT "AND 'THE PRESSUh - 1S";PI3) 8
 

NEXT 1>488­

http:LOOP;J;l"ARE...2l
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APPENDIX I 	 L 4/ccA '.' 

WET-WELL VOLUME FOR FIXED-SPEED 
PUMPS 

Albert B. Pinclnce 

l 	 o(0,,€f,n fell*., set,llig til'lhd 	 ul,A. c'1-01 .114111l,. ' vh- riv'ativo d " 

terillilIiii I \v't -wkII I m;iI.' k i,r- tioi 4 to zlro yieids: 
of fic'.li .tillriii-/\,e i lll 1it() flii, ;!iild
 

aLIII l ill l ;l ; i 'i ( l ii 'L lh l;-" 	 . . . . . . ,I' 

l" .f 11 1'1( 11%.	 the IIo ' L i li the i in rmirn /st.artil A u1il i ts it, 

1t .111,1 T)Ie ilshold Ill. . Iti. d i I h' ii, "P inu p c:.(-o oclili'-;. Iiiiol I 0 
al,\\ '(I to ',i1 ,IfIlli' it. 1 i rt,:1irt'ed. cyci' t.imne is o taiied by subti titilg 

"uo' - ft i; I 11 1. lit II;- I tion 5 into ]Lquiationl 4. I ! Elqu 
hleat,, tlieres i''ii to; wil i-l , it, lim it. 
i to) 1 l0 illly I.i :l' rlipc , '1Vvc'h ' 	 i ir;ihll ' 21' 

-biu( o ';lill ,Ci h ) illi 1 i,i Q.. ' ii (Q.m","i' llt 'h ,,, n m iii ]o .
 

T "b,licciliv'o o, I hf l lJ, , ihe priv ..
 

or"11 11 i ( do'-ir':tlit. - i . i' - ii (v i ni 

i 1-ov 
.;clit ) 1.il~liI lihl,.llii,',1!wi ..(. - Equiativi, GIr ;ll be Irea:rl, nll ( (I) (2)

1e 1 .%\(.]I ililf' 	 n ,l~ii,',i I . , w to,1 obtail i hec voiuillei required for a 

Sri, t,' ; It 	 l i .it '.o.l oll. h i-h co li;; t -, el.dIl i i/ nr 
L:,iili a giveli 1111il uillli .cc ine 

Iv tuIls
liii l' hte;i''() I , i:i, I I .i t Iott-nll., 

i , 'illi l1 iii ll f"jr -le tiltl ' w ith 
rt.-p cU' tit, illl w :i111d '0 ilitu till!: Ill,-	 Ten.-t i... ..' . . .. . 7 

rIv ;ill\v q, .l ll , f li 

T he cyriI- lil,, T', r.l l -,ili r Hi-l , .Multiple 1 l flilps 

'ql t t.ion 7 :iiill)li.s fil' til- fir.St 
......... I lli of a st:it th1,n mio.evei'u lps., iil 

I','(/ ,,. 9 A . ~ :i lla lt,,.-- ca.lli It(,- 1i.'e! to dete r­
,H -, .........
 

w'ier 	 lIille, tlit, Il:tW lhl\\ i voluiimi for ;Hb­
e iqll, lit comll IIntileIIIIII llt~l.4. 

V v\'rihtiiio of .- ciio'lli wc.ll \\t'VtIl ie hlt tii t al ) c batt.er , tb, ' pliilp have 
] i [,1l ,,1)1 :i mi l, ..,t i , ) tIc a p a c i t y o f . 1 . h,, ' t l ' --c , l l dt l U I tI . ,'II 

,, r of inbfliV. uli, hiaiei lc of Wht,-ii flowoLb, io :liclit.' B. \' 

''ile o,-Iil <,: Is le tHim A , ol, tihl firs . f,,ilIol is
 

.Q. lw thail
.. , 	 ,Vii'til flo: I ''i J. , .t 

.... of'lIlll!) gerl(. + ptivii'ihill \v~iiii f up d pubi ii hi i.s I,. 

EI(plioi5 in;li l !anuy i 'i h 'tbittitid T' o seilhi;-;'l rliitli(.oi i jgi 'd-

se ci'iui' 
- ..... ) " . gr,:it,r. iiin .. , ti1, listA tilii giii s 

Q.. Q''I / on vhie the liquid h'v'l rtiuhlies '1.'' 
IAdditioial C'Hjiity Bf ii lri\'idh'd 3ft'r 

( 	 fi( tir., II- ur, : I \,ith flow 

,sftreelot il lo i . It ih' .1, i t liquid loe l r'v'tclie' "2,, capic-M. Iful .f tr,'',i dt - and 

,IIS .fot I . c u ()'c/iciy 'rovided I + BIs p'l until tie liquid 
.Irm itfclical (.'eruhr, I''olStl ll,, ts,,i. Te(as. Iv',e is (bliwl to "1. ", At this poinut 

126 
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VI. 	 '12, No. I WE'T.W-ELL CAPACT''' 127 

,- -LEVEL 2 

o 0
 
,, VOLUMlE a VOLUME
 
a. V2 	 o V2a-	 z 

::: 	 0. 0 
:E 0.0.. 

a. 	 2 

-___ 	 -- LEVEL I- ­

.	 L. 0.. 
Ij. 0.
 
00D VOLUME 0: a-
VOLUME
U) VOUM Vl
a. V I a. 

Sa-	 a­

a) 	SCHEME I b) SCHEME " 

FIGURE I.--This schematic shows two operating schemes for pumping from the wet well. 

'iw it'llfh,,.\ g!.g n,,: ,' , I . ,1,,. liqu id time , the n, is : i t i c 
level hepi, Ivito :I, t 1it, , ,dijh:U g ( " 

(,11f 	 i .' l ,11I L'h' i i d I'li 
em-(.(hes; "I." . I, ll{e liqulid draill (ho, '()jll! ha wLe'(en le'v',s "I" 

lit ", lilanidllhid -l . is hs t r(qui'( to 

h(le (.:1 l(' t ,t(iy t LII anrd '"2":(A -! -+ . b) bntittl.' liii t' 't, v.*f:- IJL, ..tig+"_,( li'iI? is -,	 f 

pr ''Icd l l ,,il ,1 , ,'t i,',. ,,, . , , i:s .
 
foptied. The ,I'.I ,i h,, t, il to ti (,A + B (.I +
 
fill, 	but. there I, wotL- 1'1i liquid Thet yle is:c'n 

Tlh(. :Illlc tl-{ o, I'w,[~! ,ltailed 

for' both (if 	 (i'iivIimmt l \,d lt i to( zero to.,,db
caplt(:ly w(',',! l'l}ybll :'topllg'{ tile Obtains:
 

fir:4, ptunl ipand i,': lu ,])v'th ,;, b = Bl/2 ........... iII


pacity A -1 B in :jlJ is'ig the kitt ec clnuti ptU cyrtle and:f 

il-Ao lmi i l I jtisfin:i:hl ;p a rig 


sei, l idr lil. r tB'12 : L.Ti 

Wchi wate J -le i gic hIt v '''' Its fl I ()O\Vnt v lhlllr IiI('Ilss y to
 
Illi S'hellwt 1, \\ illlfl()w is tic'at{er th1; CN |I ile of
kee l )  ;e trlle|lP .S((:Old 

t)I:tll ,I, the .S,(',iII(I I)IlllII is; Ofit h i IIpump grT e!Pr than ,,,v.
 
the w:lter level ,'is-, ,'',, " " , p?.
 

Il e "xa iw l v ,'l ,h , g4. h,el,,w " I" II'd- I 1'ell V olum e foi- "),heni I 1
 

becalsI o'ly cILImiiit.y A is p,'iviided In tie Sceienie IIwhem flow is greater
 
when the liqijd re:Lcile l." 'Ilhe of"- than A, the puips providing IddWiional
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12S 

cal):city B are oil 
volumnes "I" and "2,"ia: 

*, e 	 f 

'lr/ , 

'l'Ti first 1)Ui I11) '<;5't \level re lf'Os- h' ", 

tional of li"v 

,JOURNAL Wt'CLF 

to i'1i1p4y both 
aid the on 

h 	 nlIIi t-vthe w jbtl th<w a h li-

tillipljs a. il , the wet-well 
leN'el '(TICh's level '"2." 'i <loT-timii i. 

V, .+ ",ti 

~~~~F 	bIA~b 17 

.. 

The cycle tliie i- Pillitli-,I plusi 1. 
aid is 

4-l.1 I. 
|ill 


.. ' .+- .T~.1b1	.. 

-+ 1 i - + .~15 
A+ b b 

'il tii the: liii liilii iin ~C ei,\, tii , the 
derivative of KI iIatiin 1.5 is ohtIlii,<i(,(I 

a i l ,1t, to l 'i 'l 

. , 	/d I ti 

...... [t 	 50.-16 

, v.., - 27iir' Ct/ .c t"., din.misimi.110',V~~~I :11 Lj~ 

"'miis 	 pu p liesirg'ii.i" oif Owhiirs, aninl s, I%eIIl Ij~CtIovI 
Vi.i.f, 

V, by %1 r11 ng th -:F. 1",rTil 

]'.,S. t'0 iO. . LeI, . -. 

~l dii:r: wm, \'ilim i 'I'limi a 

=-rtie. let,iI-il r Iliililt a!";ju:2"t+tiim 
' d iltisi n 

S.iollh .S, lhow .and y - Bi'.A be :a din e-shollhc;. pI)II I) (.-ch l_,,, Il'ur, llr, let 

d o )\ [I %"ohilliv(. T he llI ']+llla tio ll 1 11 
h v ,eo II11l~ 

1 -t- II" I" 
(i ;-"i[)i ,'!] - iS" - 0 . 17-

r • 

qlmt:lt.iilli 15 al, call le ,xpressed ill the 
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amie dimensionless 
+inP Iy13 1-1 

+ -:.-+ 

ill w'hitch -, is a 
F~romu ]']quillion Gi: 

AlI 

. I, 
After sub httlut.iiiln, he diliil nsiouilc.,s 
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terms as: 
V°' 1 

.-	 nd ,,i.­

ilnen.ioilles time. 

,t .. ... 

i 

ni call be ex)rC(SSd as: 

' 1A1 
7',....i~ u..h...hlh .'i .... i, 

I L-is rcaL iinabfl t, Je teq 

(qual. 	 W ith this condit ion, 

IIli 20'~~ 
a 

T equals ­
at, the 111lil111m cych, :and1 !]qultion IS 
bee(t iltO C'. 

ollies 

1" 1 
+f 1 ' 

A so lu tio n fo r 1"as a fiil clio l of Iis 

-- 1-I 1" 22~ 

SOught. EtnatioiniS 17 anld '21 can he 
SoIX',dq. :i\ theti t Ilato , aoild the 

I ' s mltil i' jii litipu i . 1o for.; -Iin 	 l lv ed ' ' 

-	 --l 0i- li '> X ih i t " I ' h e I . , 

..hi.h':Liie -" i iI -,eJ .inf E 

.. 	 .......2 hin 12 edU,i h 5
Ii u.iiil he.........+.L ~l,'. .2
 

b.' olamil, i t ,lul .C'util .l.i hii "ift;L ']li­lig 	 I','s:thh
ill tw amu1: tj33if reiit43 il i.ie; i-n itw h ic h 	 ltiloi nfiin :mi5lit i h n eiil1 ii ii 

om il 	 m, lmnmie 22 ho SImIoV, ', i vh . 
f t and ih f r:.Wditiumo l uir, d ilnto 
hm aiti hi 'i'l( rt'itiiI,i u o -i. of23.I" C:Lll, ill I ~ roh i'': t, t Io ) bc,:oi.s., 

o f l x('. ..T he , roll t, c ., l ith ilo i ll' T 
l ins xm in lFig rl '"!, Ill w h iCh 1" , 0 10hh 


'ria l h l a d. i ' xd lii h il l 
o f 4 l i t i o w di th m \ ,k' Pl 
tab)Vollillne for oiwl( piillipl, is' !,]lI.,ted v... 
-Y t.1h,. rmi~l, (if :,~ ih ,; I II" 'I) ,lda-

N ! i p u mipi~~~~~CI'I<I t c h i r~r fo r o,il , . T ,' ) 

cilcilate' ahlit oli'm i Ii vIll ll dr'awd e 
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Va,2'voluile V1is niciiltt.~ fronm Equa- t0 
iou 7. Next,, is elakei and - V' j

piekced off fromt Figure. (Thewet ;ell>. 2 V2 is thleon..hgc-tz•bo: ., 'll.i't : 	 -.. 

is 	 achieved b uinc Scheme .Ii istead.of Schieini I for Trulkiple pumips isIle. 	 illustrated in Filu .t InI his figure,

the ratio of tho additional voluml e for
 
Scee 11 (fromi Figure 2) to that for .w 
 I3Scheme Tis p ,lottud10 	 vs. Y. (The ditne l"-sionlcss volune, taken from Equation .
 

e .12, for Scheme I equals -. ) Figure 3 '
 
shows, for examplth, ifadditional .
 
pump capacity is equal to the base ca- 0 1 2 
 3 4 5pacity, the addiionwd wet-well volume20r 	 DIMENSIoNLE.,3 PUMP OISCHARGE, Irequired for Scheme It is about four- FIGURE 3.-ThL ratio of volume iicrement-- tenths that for ohenie 1. Thus, sub-tantli -, 	 for Scheme I to vohmie increment for Schemet volume 

he 
I varies with values for pump discharge.


sometimes calt.ettti,(ta i.ne
Figures 2 and 1 inldi(c'te that the charge wi.tthe secon(l 1,Ump operatingis - "equation 	 developed for Sohunie II can- be 3,000 gpin (1,A cu rn/min). Cal­not be used fory (the ratio of additional culate the required drawdown volumes 
pulmp Capacity to l)ase pumlp capacity) for a minimum :cycle timt) of 10 ril.of less th(1. on-third heaule it yieldsnegative volumncs 	 From 7Equation7,drawdownin this range. This volume for the first Pump

the 
is 

limitation should notI detract greatly 
be from thn usefulnes of this approach 

,. ;, 
ht, 	 because incre in l)j(nnp CLacitytare V 1 .generally greater thn1 0n-third. 	 4 = 2,500 gal (9.5 cU mu) 

')~2 :,,Exatple 	 coFor Scheme 1, the additional draw­
"'. down volume .for th second pump
~~~1,000(3.8o(,1 mI/11ain)Let h ofaiy th arnd thev dis- (rmEtlt~i 2 sgllm 	

hit pumnp be (froin Eqjuation 12) is: 
.: 


-t-
 (10 nii) (2,000gpm) 

...... 	 *"4 " /5 	 000 gal (19 e u m )
For Scheme 11, 

. -y, the ratio of thedischarge incremnt toheldischarge of 
21 	 the first punip, is 2,000/1,000, or 2.Ito 

From Figure 2, V' is 1,28 and V"7 is,* il)therefore, 1.2S times 2,500, or 3,200 	gal 
.io 	

, .(6,8 (12.1 C u i;, it reduction of 1,SOO galcu mi)froml Schelme I; 
I.I' 	

Subsequent Pu1nps 

:10o A sihidar.: analysis call be made for 
23,-.,.. ...... rS. i-. M! DIS hARE, the third or suhseqment combinations,TIo equations become longer, however,, ] r 

FIGURE Z.-The dimensionless volume. r- amid unwiedy. It is better, iii twhecequirad depends on puup discharge (SchemelI) ca.ses, to use a trin-,md-error method. 
i o . . . :i ' : u d p n': h ' d i nd s i ~l es 'v l u' . . i r ~ ~ , r - : at~ u n i e d y . I t s b tt r , n -l h se . .. 
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;'" 0' ex Ithle h l I tw 43k' %V ~d tU e ewO zI' bc )L II '(oht in~ 
1~time for 0( fl )tm( 1th o tile ulioail "gvl 

-~r' operati~ng sefwe.u, 

Ne~tao, 'Ap'pendix '~.7 

~'"'p for firbL 

IJCI 13 (II,'i bii11di 
'~~4"~~' J'l)l dischaLrge ptuflp 

o'rtI 11)rg 1 11,1 
MIDiolalpitup dkchari~u, fo~ 

b pnimoudcadito noi F th i 0rd
r~~~~jj~~~~~24:~~SIdiino' h w pp*ldc ~ '~ Ol'b~ c~d pump oi-purilj)com-1~~~~~ thiniffw I-W lIlaI th' CJcity of________ iub , 

4 L o pulipi~ (onI'iI~d'~h b diffecre bet -cell influunt flow£~th o 'hfrst 
"'2ternis V1 tjIylTfi B. C 116-jbe

quned til ~ ' rate and JAiw _ 

'~ dete-In IIld, an Hm 0' C tidditional pump disch z~r for~
q ie . Oi(,tria i i blJS L.­fdi- iro-

-N"lIC I' 0111I tiia t ileu p u znp, 
111''i ~ otry ait u f.I~4t t o h bintion,Coit spotiding minirwij ( n-c df~ vyl~hi'n butm influtentfo: 

c.~An~hu aluo -Jil ted and 1c,uliituumgr 7', iIbIi ~2 umd I'Qjn~i =~I~ ratt flwrt,I
thu roc(.$. em;itii0.1 I0,wi'i Qulldesired uilvi f-rt 

~'AT cycle tirte,
T,,,~ ininmil eyc '6111eApp Icalion in 
to i iie 

*~*~~~Economries resulting f:cr ueo t,)f( ol timi. ­

variabo-'speed' driv', 'or 1,irnpiln~ UllitS I" olitie (f et-we1I betweein'v 

-have allowed t!~ uniit to replace pumnp start and Stp 
co ustaiut-Speed pumps Ii ImLy ill 1 VOIl11me Of NVCt - elI drilned by 
st:wics, Aniongtl 'dicti s il the fiir.t P11i111), 
formerC Units is thiL tt v i SIyZe Call V2 vulunmQ, of '.e t-well 'botweemi 

be reduced grcatly. In andditioii, flow Start Of first pup and startA 
surge.s, \VieChur W ll uMMI of seconld' pumlp,OImez :start 

adstop, are. elmr:tted 1,ecawsc the V' dinonsionke's Voluio = Vt / 
dl~iscargre ma~ftChi( : l~Ciii', low,~i Con- fl dimniik.es inflow'-b/A,' 

Williauis and KNibil. '3) idic Ltc that" X = dimerisionle~ss How .
 
.4P ur sai'peel p mIay be more
.tho 

V~ jxP~ipump 
case -vhroista W Itft ptc'c o tei i',lw gn 
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The LincarDecision Rule in Reservoir Managementand Design. 
1,Dccln/no ent of the Stochastic lodcl 

CHlAII I.ES R r'VELLIE 

Johts lopkins University, Baltimore, Marylad 2i.1 

EI-AD JOE ItS 

Joh, llo'l
kiom. li,'Piersity, ijaU more, Marilland 21218 

.VILLIAM KIRBY 

U. S ('eoloyical Survey, lWashington, D.C. 202,2 

Abstract. \"ih the aid of a linear cdkesion rule, re-servoir inangenient and design prob­leins often ean Iw fr iila t' as ,-iS ly solved lineair programing prchi't-ns. The linear decisionrule specifies th, . d'o riic ny period of res-rvoir operation as the difference betwoenthe storfie at ;wt ,,:i;jijn of the period and a decision parameter for the period. Thedecision parnit.:-rs for the entii e study horizon are dotermined by Folving the lintur pro­graining probrz I'rohblns mny he formulated in eithCr the deterministic or the stochastic 
environmenot. 

INtPoL'"Ciiox expected value of benelit-. Loit,s [19]JS pro-
The lproblem ofrr.'2 'rv.'uir m:itgement i, posed a stochastic linear pirogr:tninq iodel todrawing iitcrv:ve(r .t..tioec in this decade deternine a str.te,,y for redlc:i-es, given thepcrimarily as a re-tilt , le iitroihoution of sys- current state of the svtern and prev'i s in­tones tnlysis and e,ti r.-,eervi
nethod- flow. The objiet ive Inoa tiiiie the. .iunology to the fiel l .' water re. wirce p!anning. of the rqmared dovLiowi fro i ,nt.tar Ilhews.The too! of ilece e:Lilihiws are being applied 

to 
h'Polet diata co(iiiite of an inflow tmlmsiii(inintegrate the i:ijv fimcnw of a reservoir, prolibilirv matr.., srvoir voluies, rehe:is,incltiling flow ai. ir:. :m, flod protection, awl inflows wire restit, to a small set ofrecreation, irrigation, atel hydropower. In ad- iiiteg.rs to prtvent expaisitill of the problem


dition the tehnlmc e : -e
aild at m'aking risk to:n1eiieiiian : ,i.';.siz,.explicit, fo that th. osile covn.equienes of Y"oung [10671 ipplind dyiic peIr ei~nr .r tocertain pajttern (if !r:.-eivoir m'annlmnent are eletcrniim, the izct of release's 1ieiiteii;io: i losclitar. hinillly the wtdil:e are scekimlg rational fumction over a long record in whil, the itftwdle:eii rule-s or poli4 y functit . to simplify in etich year is give, V-diug the releases sup­the d,'ei-irm-Inaking in re.ervoir regulation. p'li,'d byv the iel(rnn,then perforinelThe goal then is a :,,.of decis.iol rules which vveral regressions to relate the oltii:l release'sare easy to aply aod whiM whii :tpplieij meet to slorage and ittlows. ie ,'nchidted tlit linearthe multiple objectives if the rese.rvoir system riles provide is good or better lit to the datawith explicit statemietts of risk. than more complicated rules, e.g., quadratic or
The recent literature on re-ervoir regulation cubic.has concentrated on optitmization methods in Hallet nl. f l!);', I maxinized the total returnseeking policy fiinetio hes andl'"ioras Water- from the operation of a sigle reservoir, -'hieremeyer [1962J alhlitId linear programing to retirn: accrime from the sale of water atldetermine the set of 'vl: es mimi zing the eneigy. Inflows during t 1e planning peri ed 
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followed a viven sequence, antd intinl: ii,. i;qons 
 be perfect Iv feasible, Lut one then would haveon releae.- and energy svqqply wer ,u.rf-d by to he prepared to take the consequerllces ofdynamic programing. insufficient Inflow di:rinr the Ipriod.,SchIr:ci/ anod C'ole [9li6 ,I .: ' :.,I'(i d iui: ,on- uch I ride ,ouid it.el.ily applied in prac­trol rtilot for two linko. r :rvor. ng'atgtice,:i! ant is in allirirn irttaiiv-lv :ppalhr in 
water to mreet a cminh ir 'i!.iflid, I)v mi itsstriwturnAdditim'd ad i tag'p.sare (it­
tro.'nira utrliz(,!nr-nwas ' ). ! -t , sot of tailed aflor the lqilrelease rlii's ",wh tin frmmd it s It. sare n,.,. on (,I i I,.loirYwe ssary, hower(,i, to pji;rt (,litit a linearcontents. Ti -objectivf. %':Pi: 0 1;i:tin('. d"',!isio . ri .iltniot.total of lor4 -term Cot f:,fi , li.tIe-,lit, rule for . :,, ' any giv'.i'ic, -r


shirtage, IM0, IW.tl.,[ i,'' V, 


: I ,y -.m. A.\I ,.,r 
,!, .IT( .iv\ir- rule, or vei.! ,ii ij i ii. w i i id-ALe. 

I IrenIili.- for nlrc Icriol ti+fLit vi.hl aA f:,plitrleo and rl lli, i w, . v heii' l rNif itter vanl. i On, rw.mni Mfirl, i LY ,.ya~tpear b ..in the last d,%i(. vyrtl ules ,1.tlv h,ldi ti fir u ii ldr'.~irdI i t it 
are (hCeifiliL

llcj, [M y ,SJ. 
lir 

liliclc t,to s, e. Fori ilino 
'Tm: I.NE/I m'­ utilizing lie linear de-rion :ule ou tIe(, olherrhand have been t:i"riiiicl .tr ."ialheniarolA funldaenia) approach for (reii.,r re- tractability 1I111have Lbort foundi in llny .:vesservoir regultion that. ha::r fr develtop- to lead to linear pirograminiglirollrns.ment ani applhaion is the lina r dr.i,,n rule. These linear diion ,:illi
bii :ilijliel iiThe linear deci.o-i rule qivJus 15i- th have two franeinvks (1 t.e tma'ttt c franeworklien incori)orateid 1 -liat itiniatron lnttlf,, where the. n :2Lilttlf's ol rervoir iIpt l-areby C/tortes et l.[ ,e ws''io iro,-t'jl : ;d treated as radllt(iun Varirlhe 1MlnownI illi-WIN o" revtiing, i,;i rcl ,, !) i':i . - . :sie van ' :llt] (2) l trlirii . , fr i ctiwNealtlr-dt-perien-t dlnrial - o ,'hih ;:)(, 

orl
 
-hv refined in c por:, 

ip 1- where lhe rd oniniof 'acl input in a 1.etill'
A , - it) he js spcifi,d i l il either fr ,n .h... 
e
 

lin-ar in tIe ( n:rird of 
 tIe lprc;.i!s, pt'ri ,d. records oirfri)Ii a.,illi:llitiill or synt hl':.t:izcid
U lrt vl jr.pro ll '.1nR ,!tiVeedt11 oilthe StA sed:l l ri,tiit oifit ie Crc JtVilrir
to linri:tr prowrr,.ini g rol :,ii- iv ti :(- if this process.
ileic' ,'minq [1917j iiu'.,i hit, rtllito
 
m ,'t r I '' l ic
, 1ir i;!. O w I'tilt! i- A t VlNsiVIItr1 111,1N;I ..\[
 
a t priinita 
 i anlav ,f:, oi r .ervorreltas s. A dnt ii to lie luil],ti, prr illirt ivtrllitlt.i 

ou liow fir arute dhiiu itio, t:ier arid,jjId''As anp!iid to a rcsorv, ir, di,sirrlist frn other iIr.s:trrdi to intidi p , fir roeen:tiorto f '1 .hrit,i ltv isiotr tlltc is; a id fl td,o rntr l.'le l(ir nitit t f tilt, d mnl ihit r 

Sist) prov-e a dtlenri.dlh. strl.;ii' for tire lote­SIt'ttii tire l o thi..i'ndhe wilwirire .r ith e , t ther a rilit ofrilre'cr- b ,girniig if ttilt tillo pioriod .t c irltitrrHItt 1ovi-iiro i e ra t i i Zi-the tut:1 I f'ir i , it i c* iim! if re lerisr, a V,o !llll(!iir :(Ic!' _c dirlint.,lhl(
.hc lfl.lit iat " it il t -a d ,i.SA prir iri- ith ti. n,tor ih -,,i t, 

t d iii :rr 1rin.iiniiili\, Pii.iii ,..frioli
iolmiri i, ii r, i'ri fillieuioll.Tlt dsoxlwitirr i ti.-1r.twill i'ii-;ithtr !Ii., re' i: .
This ile is to hi' itt'trvl'W is inaid to te eolirrrriltnrit ir li ltirir _,titir :acit''ii,,-for there'ervoir olperator's jird ri.rent In sletliri, a. pei'titillsi 
: shold tilt -, 'ictililrelt::ice eitherrcleis, ehtrmi tnimnt'rt.to ho nltir dcr noutrrrtail cuceed 
I 

or fill horl of thhi:'iiiiti!miiet, theirconditi iS. n excltios li t , Iieat 'iver,thr pllans nrirlit go ti ry'.:tciilil dUrinr the rit,priod hiihilrecvult* hive The proi tt, I r!'it iir'tlit(i- of th, towri­to differ fro mitihe crm itituiro r r. !r strv:inirFir "xiir e i.rers ire i v rriliiliirlrillr ac­the l'ptimn l vahle of Ohl I'it;i ,it llir:n ietlur b ceptable re!eiss q . i )o , -utllrniight be r v!itaraire so flit i(,o 
d illperiod i.rllrniilitimsit_ L To prevent excessive ch inl rosio ,w ater­

he illade to rleat Illire tha tiruge%%i i:i tor loguirg of fiel(i near lit strlealli, tllotherat the liegirininig of the ti~i periml. r'idr danri:ie that "-ourldnormal circurnst.tances thii tlinitrnerrt night 
otteur if the relea.e were too

large, tlhe rc;,,se durirng period i should r1ot 
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exceed the voluni S, Arth, , t :lire- All variabes are riaure, iivolrnetric units. 
merits is iinpo'ed by the ,, of tie Tire variables q, I, and b are ixed by a 
reservoir. For reereiatiorid ii ,.,, v' (i. ae porameter i = 1, 12 because their iables 
and odor contro ) p'urp ,s ': i, I,.rlie to in ile ith niilh ire the satire from veer to 
maintain tire stor:,e in the r.'rr rove a year. 'hle variahis r, x, and s,hovever, do 
lower limit s-., durin, Ml ... -wri..!..; this not. follov. a r ,;"rue p:;tttrir aii there­

noIit 1. ,i-wo r oy "-,Iimit i ri id ii r,. fore tire indxr i d iir',IQrtx Irt = I 
if fie rorale ;it tile (.11, "' , 'I : ties 2-10 The vorrl orlrrree letv.'.n i mil t tliore­
a.ove ir Al Id ,,y: fo r'e iss/" " ;n-" .- ,',riret 
impnol;( Iv c ., ,- J:-fhlorl ie,, 	 . /
 
a frethoard I" :t. le.i ,1' %%:1;. 'it the i t(mtl 12) - remninder of 112
 
end of c:ich i oiirrIfor z oii.w 1,, 'h:-1110i1t Tie li,; ir leriion rile then is
 
occur in ilie i,'t r, I .
 

-, fi:i. c , - . 'n
The eng,,ineering prob'er, t peil-	 Luc _ 

ing- po!iey (it formida f(~r rh,,, :-c(i( otmmit- Trhe equ:tion of coli nity for Ile re-ervoir ismlits 3") th ita hll wro.A "PI,. to be 

satile while tnini irizr : T'e i :' litl hence , ,
 
the cost, of the (Into re jirt SIhstitu in f tie linirir leid:iOn rule i;,to tilt'
 

nj.' l'Jj 	 ontiuuity equ"itlioll -iel.' 

nie exnirinrle is rre ;,I :.r ri oier- s, b, 	 () 
ioiti'?i vinvrotl-ne t.. . Ltir ili iIw1 - of Suilh titilti - a :iul r equ.rticii for .. into the 

monthly ipiju- is o iilitt''d. 1i roi';rcd to deciior rille vir!ds he folhwirig exl\iioin for 
fhld twelve hll, ird, ;1i 1:1 i 1 I',r,, OI l tie reh,:i.- dulring Ier'iol t: 
for erich n trtr of tile .'%ri', it1 !rmitt lize tie 
roZerutir lp e t i, I ct .;0,'ciilh'd - , -t- hi r,'y i :]i, (, r, , (2) 
perforn :iiwe ilrlr:rr'tce i . i. : 1'iir kiIl Tirecr e iria 'i i li':rin. 'ileke cori­

ureri in, ents e:iir beinplt sel . lihe fl ,, .. ire ( I n-itmn atii .tora'rr iiiztioil cx­
finied: prev. ed mawitmenr:rtr';ily 1,v tre in tiliin a. 

lim itations on oi.nre :imeIs iiit;lhletill,r of dl',q,, mniro'rili r,.h asi ii llti I,. i l i e zth i', 

at, each pfil i 11 .t whiih :ien tin, dci.ui;ro tomirth of ttiyea.r; be mnide. Tli vn.tr:iin.i take til il nrz 
J, rnaxiiwh3.m alli)I:L: l lt ii, the ilth form: 

month if the year; 
v,, flood strare r:a it.v rq i I .it tihe end .1a The'i frielijo.r, c - s, :it, tle lnrl of 

of the itli inootir ,if tile'yesr; period t mos-t It' gater tli:1nr It. 
hi, 	 linear deviirn rutid- ;ljtrrri for the ith 

molith of tile year, it) b!,, loirminoi; C - S, > v, (t " 1, 2 10) 
reservoir capa'ity, to he uet(rinrind; In the detirninri emti thi: equi­nctle is 

8.hn, 	 mitlinril storage to b+en:iritirined, ex- valenlt to S-iting, that, thi ,l:i(ijon it. the 
pressed its it fraction 'I, if hi, reservoir beginning of timte period shmld it. 
capacity; lead to in.ulfli.ient fi' 'iat-- illtin eni 

30, 	 iciti'il in ' e-x'pressed tire extreines of t liydroio,-iCstorage tie rv-;er)'vr, 	 of t, given 
!,s a fraiiill Ito Of ti ll ,:'it" record. The iongcr the record in girrerml 

r,, )ostiilated reservoir irlirill i the tth tiellmore smvee the ou 'v,,ld etir-iles 
nonth of operation and tire lower tire problihiiity of violating 

x, 	 release during the (tit io't if ileration, tire eolistlliis in rmietice. 
to le determined by ti liu,-ar decision I.2a Tire stOr i,:at tire end of pl riod t Iutst 
rule; be greiter' thin (t! nininm stor:le 

s,, 	 storage at the end of h Ph tmonth of required.
 
operatlion, to be determined Ihy tir lineir
 
decision rul.( , 8., (t = 1, ,240)
 

I ' 	 . ." 

I" 	 ':'/­

left 

... 

/ 
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In te.,nF of the decision to I.e nad at 1.2r a.c bi < min (r,,I.,)
 
the beginning of priod 1, the c ,l,:ir:ilut,
 
limits he contrc.l leiwtii:: , tIoe 1, 12)
 
linear rul, which :eil,o storagq s ex­
ceeding s,,., give)i the , otr':ees 1.3c q, -in in (r,-,
,f the bi-- b, > 

lidro-l,!crr-ord. r record,
,hi lor, til.e ' 
tht .snldler tlhe. ho 	 = , 'uik;I . :,*,t=.-ig(i

al W-r.-e e'.ltri Iii, lie,' \:e'atiig thee 	 2 12) 

constraiIt b12- bi >_ 'i - min (r,2 1 ,) 
1.3a The relc.ase in f n . .pt-Aen '.'-i, 

4ar 	 - bi (1 
z,> q, (t ,.- i0) 

inl rent l ui t k! lss 1.4c b,- - b, < I, mix (,',,..)lAa 	'lhio relea r 

th'an I,.
 (i = 2, , 12) 
X. _- 1 10) 	 - bi < , -- max 

These last two construiis fuirtlr limit the
 
range of dcision rules which ,lanI)evonsih,red. nuc -- bi< I
 

Suihstitiition of equaiij, is I and 2 into 1.1a The total number of constraints is now 50
 
to 1.Aa yields rather than the 960 cncountere', earlier. The
 

number of unknowns is 13. The objective is 
to minimize the size of the reservoir 

1.2b bi > s',,,,, - r, 
Minimize cl.3b bh-i - b, > q, - r. The 	problhm is [holinin the stmall.:.t reservoir 

1.-b b,_ - , < -r, .	 that will deliver fIows in tilespecifi. ra, e 

( 1, 2, , 210) over the entire record under the idleC. cMl-

This smll prf ,ll' (;nai illthe thiije straint of a linear decision rule. '1.1 c eults
fhiat 
only twenty .i.::of rtw,,rt arr eowidered) of .solution will be the ruitr.d reservoir .t e­

utI t and lr:uuiitir;pis 	: :d l ! l .. ju t ii'r/;[[l'e. :l ity the twekXo diii<ion i­

renlark:ile prol erlyv, howemir, i:oh,'ervedi 1re;iionstituting the rule fr in:ul:i ciuluit of 
O encni tr :6nrs, n in-v tot ear-l constLrati t the reservoir. 

ip sar.i!I the .s':ii fori tV.in,.' lii , i' i'pt, Constraints 1.1, I4c 
for : il ,rint ilIul:iti 1uo'it i ,I I - iihl the relc:i:;e alld stor:ige reqililetiitlls would Iv 
Sili W e usi t' appJ:utatices ilOt if this optitil linwlar dcieeioi ill \\i'teueihiitiveriehilii'ilrtle'reilit hi:IliWatiiy 	 I;iujt.t 


oclc ue -h h , . , to lltie.lliat d iI ut :e ll 
thall aliy other. 0)lNly thi-; ou:;,r:illt fuiure intlo.s 
tlhei, iiie rril ou hd )r, applied th e 	 , Ill 

dlriiialist practice, however, reecr\'oir ate 
iii'ei lie retaiined. not known with ccrtaiity, so thre i:-nl :i­

li \vriting tlicolistr:iii .til l it, "i:l form, solute assurance that tHis policy will :ieiMd tle 
the te'rmn s,,,,, the muinilun stor_,e, .sti~lli desired releases :uiid slorages in the firie. ):i1thsie train tot li the Io:ul iJii-v anit the the contrary one I:wi"estini:ite that in caelit'ri s,,, i,' iii:lt or g isolon uwi irl'iiill month i there is a lirobahil'v of 2'/2 that tlhevi 	 3i,frt'tioiiiniialterapa is dinut *w wi li' outside lie 2,-ve:ur reNo rdr' 'uiugt 

of inputs. C.'onseqiuvill ill tile:1h)eeonee of Illy 
a.,.c -. , infornation to the, couttary one mig expectlht, 

that in each tutu'e tionttl the iUobaliility of 
Sri = O*c (aO> a violating some of the counitraitts also i(otd( lie 

'I'lh! con. traint set now bventn,, 2/21. 

1.c c - b, > mnx (r, ,,,)- , These observations indic:le toNo S.hortcomoing, 
of the deterministic orniilation,- Firt the de­

(i , -. , 12) terniinistit fortnulation .v~ li no e\lioiit slate­
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ment of the reliablility wih vliech th reservoir 
will meet the :-pecified lwr'ormnanc objectives 
in the future. Second the ren-rvoir's reliability 
is fixed fortwitous'.yv by the specific pos! latod 
input sequiice and is nut uti'er the li-ect 
control of the designer. Cainci!-constramid pro-
graming introduced by (l,:mr; aul others in 
the same serie.i of pipers ch:t broght forth 
the notion of tht linear lec:.im rile ean be 
used to eliniiiate these dfticien-ir.i in !he de-
termimstic formulation of the ret rvoir man-
agenlent problem. 

CtANOE-CONSTRAINEO FORMULATION 
The example is now rest ructw,,l in the 

stochastic environment. Flows in par'icular 
periods are not specified and are k1 ,wnonly 
with some probability. That is, tho total dis­
charge in the ith month of Ohe yfear is treated 
as a random variable R, having tlhe :irruiative 
probability distribution f 

F5 ,(r) = PIP', -r 

In 1linitaiio the onstrao f v oexriesse 
as limitations on tie alliiw:ilo risk f vilating 
thle perf,,rmatnce reqiren~els, 

To illustrate the contruction an-t interpre-
tation of the chance con-t raints, the flood free-

board requirement is ticated in detail. 'fle 
otl,er constraints :ire formiilatte-i 'itthe sameoIril woastands refervnuiat!-iiir pint ofe 
gfeneral wvay and rep~resent atcimil.ar point of 

The freew. ,L volmeard requireinut i;timl 

of at least v, be ivaiiiablh at the end of month 

i ntr stora-e of flood peaiks. Thustenlovary 

should lead to a stora,.' volinie no greater
than c v,,- at th e end ofthancte- en (i he m oth. Tihede-t thenmiili.The 
cision pir'nieter for moith i therefore should 
be chosen -')that the inequality 

b, + lI < c v 

is tre. 
Now 1),, r,,ind i, re oit:ts hy hypothesis 

and R, is a ranlimn variable assuming different 
values in I years. Inthe itl moths of different 
general then unless c -- I), - I, e\'ceeds the 
imaximimn possihile value (,fR,, the inequality 
occasionally will be falke. 'Tlir invquality inure-
over does not express iheflood fiivhoaird con-
straint in a forni accept:ilde to mathematical 
pr,)graming algorithmn. 

The problem xas sidestepped in the deter­
ministic formulation by replacing the random 
variable R, by the postulated input sequence. 
The price paid for this evasion w:n; de;cribed 
above. It, is perfectly pos-lble, however, to com': 
to grips with the )ien recoIgnizing1 thatby 
the probability of the inequality's being true 
can be determined. 

The inequality represonts the event that 
honoring the rele-se commitment given by the 
linear decision rule would lead to sutficmint 
flood stra-e capacity at the end of the month. 
The probability of this event is given by the 
cumulative probalility distribution function of 
the input R, as follows: 

P[bj + Rl < c - vil 

P[, < c -- e, - bi 

F,(c - v - b,) 
Ifin addition to v, arbitrary values o: c and 

t,are proposed, the desigrer cln .et an estimate 
of this prolbability from the emnpiric frequency 
function of observed discharges in motl: i. If 
this proh:alihty is clost: to unfity, suffiri,,rttflood 
freeboard will be available at the end of tie ith 
month in rost years, and this choice of c and 
btwill he acceptable frni thie flood freeboard 

sta ndpoit. If this lirirom):ilit is less than some 
sadon.I hspoaii~ sls hnsm 
value a,, howexver, this choice c and b, does 

not provide -ulticirntly depcndable loo, lstorace
capacity. The choice of a, of ou es the de­.­

signer's. 
It is not necesary to use trialand error to

delineate the eollectio Of (c, h,) l,:irsyielding 

sufficiently reliable flood ,lorage eip:ittv. This 
eolleeticn eont 6iisall b,) pirs for. hih 
teheth l l "quineplality 

FR,(c --- b,) > at 

is true. This inequ:ilyi may ie c:iled u chance 

constraint on b, and c. For mathematical pro­
graming it is preferable to rewrite the chance 
constraint as its certainty equivalent, 

where r,(r,) is the 100 a, percentile of the 
inpit R,. (Vint is, r,(a,) is the soltion for x 
of the equation F., (.r) = a,.) Thug tIe! adilmis­
sible values of c and b,must satisfy tie con 
straint 
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772 |eVELi.E, JOEUES, AND KIRBY" 

- , ;> r,(,) -

Although formally ilentii:d to the detelmin-
istic formulation, ,-robahil,Stic repre..ontation 
of the flood free :ird rqliiirmnt lis sevvrai 
advaritage"s. AI -1 11ir, Imt the ('hane-coji-
strainied f(rmLi 'mion .i., to grips 
with the ipl,-illility of )L,, e.' enrulnng 
the sperific Ierfornimice oif , r.:ervt;ir fl.d y 
ranidoms inpirts. As oHl(, li ,t !,otl oil 
attclles a oft:sern:r,luiiditv uliathe-oi to the 
mtaticlrl repre:ztatin (f vam prformarce re-
quirrement. The lel of rhiklitv t which 
each 	 requirement is il !fe moreov..r i.; ,udcr 
the direct control of the, de igner, 

A rela ted adva,t:go of tie pjroilibillstic 
formulantion is that it chiritfif the operationnil 
significincc of the decj~iou; rui. In the leter-
mninistic form ulation, o, e n ,ilrht i nerlre the 
lincar deci.ion rule ,- ; cifia:ioll of the 
actual reservoir outflw orr.- te it ,month. 

In practice, how iever. i! wsitr-i;,rt: ion naiy 
lead 	 to cofulsioll v'en it is re ni,.zetl that 
e.\ecQively largo or tl t low,.,otiing a 
month 1iM nIWO it pry ':iv:l]v i1U,5sible to 
relise :i :jii,, led vol iit . T'h, pr)ola)ilistic 
ioruilatioi l 10 tie o lir i,:! i ,I :.izes that 
the 	 linear devisinri rd!. is- ir.u\ ,i aid to the 
operator's julidpiwit in (leciiw! how much to 
re!ease ,li riuj.. l riath. If ire rile is followed, 
the relea:-: , i,,;ltlO2lt "i)(- compatilu. Ivith 
the reiervwr pirffrm:inie ri-imre.nels- with 
a SIol'ifi,,,: ,, redisuili,'. Whien :i colflict 
(loe arise, hrowI,, thc oj,,rator has the 
ability to ildj.-t the o't lad.,s in the light 
of tihe specific ,(,l!,hon. I i,,i ':,a C. 

Finally the lhal:,-clsulh forlilltioml of 
the perfonoanco ii~tuilimin(.i -e i to lernit 
more direct eei.iomiC interlretition of the con-
straints thia the dewrintif formuiation. It 
might be osk( d for ,:m l. it' there w.oildIgh be 

any ad\'antaise Hin,.hnngi the ilood control 
performanie reqluirement. The form of this 
requirement: u,,ut., t111 lie lpevified free-
hoard l' is based on h1VIrdohiv anal yis of a 
standard design flool anid th:i more detailed 
phy.ical and ('Corii. dI fi he-rLta tie rrliition 
tween flood Inma, s :rnid ilhe flood freboard 
are not. re:tdily av:ilable. Thus the d(eslgier can-
not iimnitli:t(ely iirri( 11w mnargiiral costs 
that the dv(brmiiii.thc foririltilion vould as-
soceiate with cling,s in the freehiird spccifica-

tion v,. In the probabilistic formulation on 
tho other hand the marginal costs are associated 
with changes in the reliability with which the 
rpecified freebotrd is made available and hence 
with chang-cs in the reliability of protection 
agail,'t thc drzi,-n finod. The ecuonliiC ctnse­
quonv.es ctlei, illi this relrability appear 
ceeper hiau those of changes in tile freeboard 
Specification. 

The reinninioc performance requirements are 
now formulated as chance constraints using the 
same teciiique as in the flood freeboard con­
straint. For uniformity the major sters in the 
derivation of the flomd freeboard constraint are 
repeated. 

The results 1.1b through 1lb are irzed to 
recast the original performance requirements as 
chance constraints. 

2.1a 	The freeboard at the end of period 
must exceed , with probability ,r,.-
P e - b i > , + I,] > a , 

(i = I, . 12) 
2.2a The storage it the end of perio.i i must 

exceed s,,, with I j)roba ii a . 

P[b, s - lj> fl 

(j 12) 

This statement restricts the sohtion to 
decision rules winch in at least a frae­
tion a. of their aptlieaitions lead to no 
conflict between the rIet.sac colli1itment 
and the miummiun stormge rerptircrnent. 

2.3a 	The release in period i is at least q, 
with probability (v. 

P[bi_, - , > q, - .. >_ ra
 
(i = 1, 2, , 12)
 

2Aa The release in period i is less than f,
 
with 	probability a,. 

P[b,_ - bj , - Ii,_] > a4 

, 2, , 12) 
Constraint.i 2.3a and 2.4a restrict the 
choice of rehvase commitments in period 
i -- I to ensure that it will be possible 
with the specified reliability to make 
commitments in the desired range at the 
beginning of month i. 
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773 LinearDecision Rule 

Constraints 2.1a to 2.4a do not impiy guarantees 
tie st rages or tlows, nor do they say

about 
how excessive or how insufficient storages or 

flows may be. The constraints Jo imply, how-
ever, that inost decisions made with the release 
rules will not lead to conflicts between release 
commitments and storage and release iequire­
nients. 

These chance constraints olen the way for a 
new kind of constraint, not pos;sible in the de­
terministic fonmlation. A single example is 
offered, but the idea should be easy to extend. 
We have already presented a chance constraint 
on low flow (2.1a), and q, nmust be achieved 
with probability ar,(say .90). We mIIY now but­
tress the fonmulation with .asecond leel con-
-trint on low flow, indicating that q,' (sonie 
lower value) must be achieved with prob­
ability 	a,' (zone highe~r probbiity, y .95). 


For example the release in the itii period should 
exceed 500 million gallons with probifihty .90, 
hut flows abolve 400 million g:llois must be 

of 	 the timc Mathe-achieved at least 95% 
mraticlly this ;econd level consraint, has the 
same fonn as the first level constraint. 

The chance constraints 2.1a to 2 la are con-
vertedi 	 to a. more o

vertdt a ioreconvenient formn with the aid 
of the cunil:ative distrilitution functionis of the 
random monthly inpults R,. 

2.1 b 

2.2b 
2.3b 

2.4b 
2.4b 

Fn.(c - b, "- I,)>a 

1 - F,1 ,(s,.i. -b.) > a, 
I - P,_(q,- bi-, + b.)> 
I - R . - b.-I +- Q) -

F._,(, --b,, -- b,) r40 

Let us s5lppose that a, a=.= a, = = .9.a4 

The cumulative distribution functions FR, can 

be estimated from monthly streainflow records. 
The following symbols are deined: 

,
rj"	 the flow which isexceeded inturiod i 
only 10% of the time (the value that 
the random variable has less than 90% 

-of the time). F,(r,9 ) = .90; 
r,.10, 	 the value which the flow in period i 

falls below only 10% of the time. 
F,,(rj"'0)= .10. 

The explicit statements of the chauce constraints 
are 

" 2.hIc c - b,> r, O + t,, 
1, 	 ,12) 

2.2 	 ac- b. <r "0 (i= 1, . 12) 

2.3c 	 bi-, - bi q - r,t.10 

(i= 2, 12)
 

41.-	 bi q, - rj1 

atc -	 bi > q, 
s
2.4c 	 bi-, - bi /,--

(i = 2, , 12) 

- b1 11 ­
a0c - bi< ,
 

Of coursc the critcrion is still 
Minimize c 

The results of Ly'ing such a problem are a 
reservoir size and twelve constants, each con­
stant determining the release for a given period 
based on the storage at the end of the preceding 
period. 

EXTEN,,IONS 

There are nunerous other problems which 
can be structured in the sune general ,ay. A 
brief list includes 

1. 	 Maximize the e:;pvcted value of the 
average sumner flow where a reservoir 
size is specified as well as the minimum 
6torage and minliiIt and maximum re­
leases to be reliably maintained. Such a 
criterion might be u.ed in a situation in 
which waste dilution ;s a principal con­

cern. 

2. 	 Maximize te exjsxcted value of the 

average storage or maximize the storage 
that can he maintained -. 90% re­
liability where reservoir size is given in 
addition to ecrtain - erotional require­
ments. These criteria might lie applied if 
recreation were 4n important use. of the 
reservoir. 

:3. Maximize the freeboard volume that can 
be maiitaind with 90% reliability or 
maximize the expected valie of the free­

board volume where reszervoir size and 
operational requiriiemens (re specified. 
These criteria would be applicable if flood 
control were a primary use o( the reser­

voir. 

-10]­



774 IWIELI,F JOERES, AND HIRIVO 

4. 	 Minimize the ave-age of t.he absolute 
deviations of the c.'pected values from 
the target flows in each month where 
reservoir ;_- and operational require-
Inents -:( -pecifild. 

Initial inve4ti-., :oo sh, .' t13aT mTcV of the1e 
problems 1n,, e'cl n the," ';unc general 

iy 	 ite ,' ll,!- ,, 
Another pr!,, .oi -, stuiv IaI I, f:,ili-

tated hv 1!.-e I;,- hi :,: i, t .oaruie is an 
ecoCrolic a l . h, lieyu letation. In 
the exauIht. , i.t.' b, o detennrcnniiie 
the niiounun 'i.,r ndi hi , n um m tost) 
reser o r to d ir.cr k vii. ,ji fiw. Ie can 
usc 	 ailulhr lll- 1 r :ii to, dretriciiie the 
least co.t pa ttri o" ,'to. itt -,nie to 
meet di-solved os; ,n r:udird: Ic,.treamn 
from the rfstzrvor k-I'>1t c: el., 106,S]. For 
each low flow a ninu i t r(- ervoir and 
lniiillnni ost t -ril IfIt ,;lrailv tiiX fa' (e-
terniied. If :l l ;ttiril i.: 'noi the curve 
of total o,r. re- v',oir and trattiuent) as a 
flunctionll of low flow sholl :,ouw aa. linwit). 
Whether INhw'-r ' xil iltil t cd(! IN-vary with 
the speciie eircuriana ce, lint, vach ea.ce can be 
explicitly in',v-t ia!etd for the trade off between 
auuieullitation ai trianillit 

A seJrond p''ll. t" f-t is tie 'onsidern-
tion of O (sit itr'rcmnocted reservoirz,f 
where thf r fe,v, i'rnoiu, or nmro reservoirs 
phii til.'ullarv ' tioines the input to tileNov.- oli 
next. A po,::> Ii,, ritori,n is to mhiinize the 
total cost of ilh1indu the re.ervoir Svstei thit 
meets vccrltina i:u'Al'll!In :Ild mininnll flow re-
qiiireneni vid. ::il e.:! v' fullowin.6i a. linear 
rule. A prir di:a!:i, I; to i,:)! 'I proleil was 
tle fixed and conc:i t. I. f nci io which 
reservoirs diflday. A rcent algorithmi by 
Walker aind Lynn InI,1 has been shown to lie 
eftivient in loetiig optinal -holutions toi mini-
inizing prohlf:nb.bwith ti' 'lt ilnd icja\',! cost oh-
jeetive ftulctioous and ti~l would e It pronlisilg 
netl'd co apply' Ill lditiun the criteria of 
Inaxirliziig or rifilnizlli zM-3 flow or iiulmniziig
the range of flolws or d, iaticns from tarets 
Could he ntilized 

First although the solutions obtained under 
the linear nile may not be optinal relative to 
the class of all possible decision procedures, this 
slerns a small conlcessiun to obtain a, optimiza­
tion problem which can he solved with known 
techniques. YounW's [1967] reculrs n oreover in­
dicate that. linear decision rules may he as good
i,s n,,rei ccli lelicatcid rules. In adlition the linear 

nfl, is intuitively f pp.'ali:Ig itd eimphl to apply 
in practice. Furth*.'rniore the donlinance reia­
tions .in the deteninistic framework and the 

chanee con.rained ro'ations iii the stochastic 
fratnework both it-d to optimization problems 
of small size, so thait a. colnputer solution is not, 
burdenoie. 

Another signifieant advauntage of the I;uear de­
cision rule, ospeciall'' when used in conlinctioll 
i ith chance constraints, is its cla rification of the 
role of ourating pol'cies in optimal ri -'ervoir 
design. Computers and inathniatical optimiz:­
tion procedures notwitiutnding, we believe that 
reservoir design is a creative art ind] that the 
quality of the do..ign depeinds in great part on 
the (Cl'giier:s ability to visualize the interaction 
of all eoarponentz of the propo.vd 3 .-.em. Us.e 
of the linear h',eci-io ' le it. foriin:iting the 
performiance requirenenrts cilwr :,:; deteriii­
istie eOnraiits or ii:: cerliinty lival.ns of 
chance CoistIail:ls gives the deint- r a precise 
representation of the interiction oI operatilugl:icie ' and reservoir ,. citv . I! .hows in 

particular that optiil r,,-' iiY '.apacily i;t M 
i function of th,' opeiating lolicy aid therefole 
so'"esIs that lioru aitnlltioll ho i~l', :I to selct­
lion of an operating pliby before, c)oIini- the 
physical ca-.ity of 'Oe re-elOir 

It S tei'eS 'ir)"t )Join Atlt Iiat. coist'r'iint 
on the rangc of llo\%,, if ther' is ino i lniSidtra­
tion of flows in the objective fuiction, iitiily 
thint the benefit function asSociated with flw is 
relatively flat. It is obvious boweve, that a 
rough indication of the beta-lit fulilctin salle 
is given by tie piac-imnt of tle ri']0Jse' Cio­
straintsi. The deivice of niultipile con-tlaints 
satisfied with diffcrnii, prolxhilitie ('an be iisled 
to improve the ,cfiul:(iL of :'iiN Stich benwfit 
iunctiouis in t:'A ehance-emn. iiined foliiulation.C(NCi'LUt :.. Finally th elciiunt .ten as th, nllOst ad-The use of the linear decision rule in either vant'geous feature of sulh fonulations is that

of the two fr'imrwork:l piesetnel yields a ,ini- risk is inale explicit, in stoclh:isti, l'rolhnli
ber 	 of distinct dn:ulvreS anid .evvrnl lilnita- Rese,'voirs oplerated uiiner hiiitles isoel oil 
tions. chance-constrained formulations shiouid perform 
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775 LinearDecisiun Rule 

at the levels of certainty that the designer or decision rules and capacities derived from the 
decision maker specifies, solution of the two problems are listed in 

Table 2.
APPENDIX: AN EXAMIILE PROBLEM IN THE The reader is reminded that riot every reser-

STOCIIASTIC ENVIRONMENT voir design probl,,m has a feansihe solution. It 

The reservoir design probhrn is structured wotdd not be possible for example to deliver 
here in the chance-constra;nied programing outputs reliably and consistently in excess of 
formulation. The problem is -modified by the inputs. In this connection it is instnctive to 
additional definition that examine the first twelve constraints of set 3. 

Since all these Constraints are to be satisfied 
b, = hi - gi simultancously, adding them vichls tile follow-

This definition is includea so that the decis. ,n ing necessary condition for tile existence of a 
parameters b, may take on positive or negative feasible solution: 
values. Most linear programing codes restrict 
solutions to positive variables, making this sub- q, < Z rjo 
stitution necvssary. 

The problem is to minimize the size of the That is, there exists no reservoir meeting the 
reservoir which meets requirements on free- specified performance objectives under a linear 
board, minimum storage, low flow, and high decision rule unless the sum of the desired re­
flow with 90% reliability for each month. The leases is less than the sum of the monthly inputs 
mathematical formulation is occurring at the correzponding desired reliability 

most linear prograoing codesMvlinimize c 	 level. Although
automatically check for the existence of feasible 

subject to solutions, this necessary condition is a natural 
> + one for tle designer himseif to keep in mi nd. 

.c+ g, -- , To appreciate better the significance of this 

i = 1, 2, . 12 necessary con(ition, suppose the monthly reser­

2. ac -I g, - h, r,.'r 
TABLE 1. Data for the Exiarple Problem 

i= 1,., , 12 
(a) The !0 and 90 Percentiles of the Prolability 

39. gi - hi- gim + i- > .-10 Distributions nf .Monthlv Flows 

Flow exceeded 90% Flow exceeded 10% 
2, 3, , 12 10of the time, r, , of the limei,r -, 

g, - hi - g12 + h12_> q, - r,.' 1q Month billion gallons billiom gailon'i 

i = 1 -4-.41 1. 46 
aoc + L, - h, > q 	 2 4.54 15.50 

3 6.2IN lS.40
90  4. gi - hi - gi-I + hi-_ < 1h - ri._ ' 4 5.511 16.82 

5 4.89 14.92 
i = 2, 3, . 12 0 3.82 12.00 

7 3.19 12.01 
gt - h, - g,2 + h12 < /I - "0 8 2.54 12.59r 12 

9 2.18 9.62 
a,c 	+ q, - h, <_ fl 10 2.54 8.82 

i1 2.73 .0.19
Table I lists the data for the problem, in- 12 3.57 11.55 

eluding the tenth and ninetieth percentiles of Sum '10.2. 156 9 
the probability distribution functions of the _,.1__5-88 

monthly discharges of a stream in Maryland. (b) Operittiorml lequirements 
The problem is solved twice: once under the ao - 0.60
 
assumption that the fractional stonlge to be qj - q 3.0 Problem 1: a, - 40% of capacity.
 
maintained with 90% reliability is 0.40 and fi -f = 10.00 Problem 2: a, = 10% of capacity.
 
again with the fractional storage at 0.10. The Vj =v - 4.00 
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TABLE 2. Linvar Ijecision R ile. 

Problem 2 
Month n .40 = .10 

1 X1 1i -- .68 XN : S2 +2.16 
I x , - .9-, V I S, + 2.55 

Probleml I Fr-l-

3 .x 'I - 1s,.39 X, s, + 0.81 
4 X. S3 1 12 S8i x , I --- 1 65 
J X - S 11. G2 \ St - 3.3 ) 
6 Xj Ss 15.71 X, S, -4..48 
7 X , -- Ii. 73 X, se 4.50 
S X - S, I- 12 ' S7 -3.89 
9 X, - S, - 136 Y Ss -2.63

10 Xiu $ - P2.2.1 X\I ,o - 1.01Si ­

11 11 I = " -- 10 t . Y 3SX + 0. 25 
12 X1 - Sit 9.91 Sit + 1.322 X11  


Required 
capacity 33 700 22.467 

All units tire billion r;allons 

voir inputs occur in a time-stationary Marko-
vian normal antoret,:,.tsiv" pmn "e.s with corre-
lation iicoeli ent i. IH 001,C', reli. ii.) is desired, 

the Ilice, 'arv timll-1if,1 f r iiV is that the 

si of ile ,hl>iild rvc:ycz .)( no ',renter than 
2,u- .5.,,. Wei =- r" r,.hol the total 

annual input is rionnal witn en p, =--
and standard dcviio'i i, ,, :- .65 r. The niaxi-
iaum feasible :,ii:il r(.ie-(f therefore is it, ­

the ' tlh:at ;itw:i inputlm'IiAlhty th!e 
wil! exceedl this rolun- is ft tit 0 99 . Opera-
tioti at 00' Irefliability inl eacIotl thus yields 
a lrtaxillltrl f'ASib annual release far smalHer 
than the reliable atinul input. On the other 
hand the s vestni imn (iliv,:r inaxilluma the 

ve n d ,,n: t a lo ng
fea s ib le "mn'u re l : ,f se ­

qultenre of N'ryVmw t(IIm jw.rcentile, ill this 
exam lle) itltl ;. It .- ex pectet that Ise of 
longer time ini,:rv'ils would villgreater niaxi-
nium fegasilo releaises . if, ,,:lie relialhility.nntmfeailierhass a. th eane elibilty, 
(In this can, howeve, the rele:,se rule give. the 

operator less. guidance.) Because of tltese trade 
Off., atlillong ruli:ahilitv, ione iltCrvAl, and feasible 

release the dw.:i-:r must give eareful ionstdera-

tion to his actil requircmenti; for roliability and 
deciioit in t l t,

spasacilcntopon-g'lea 

A sitihir analysis of tli,' fouith constraint se 
yields a further necessary cotdition for the 

existence Of a fesiblhe solution 

r, 

Fitally for the high flow al low flow con-

straints to hold sitnvltaneously ini period i it is 

necesary that 

- r.o_ -

An interesting feature of Ithe result is that 
the differcnct: btween the capacity of thi re-er­
voir and tin: inililun storage to be maintained 
are the same for both problems 

Problen 1: a., = 0.10 

c - 0.10c = 22.467 - 2.2.t7 = 20.220 

Problem R: a'., = 0.40 

c - 0.40c = 33.700 - 13.,4S0 = 20.220 

That these quatites are exactly the same is 

not surprising, since 20.20 billion gallons evi­

dently -epmsentS llt' torage volume iedetd to 

maintain the desired conitrol of rel:ises. We 
tentatively call this vlunie the control volume 
K. For tiis problem, it teems to he the value 
the reservoir capacity would take on if the 

storage required :it the end of ,e:wi interval 
exceeded zero with 90c,;' reliabilitv. If lits nsult 
were general, an 1inn1hi:te h."neh0t would lie 
considerable situplification of ataly-i,, of the 
solution's setnsitivity ifTiii IIni .i tIrge. 

Aqsiune the rontrol vilumie ean he ltet:;iied 
by a single run. liccalling that lj. is the fra,­
tional storaguze taintained with 90% reliability. 
we can write 

K -1-aoc = c 
or 

c = Ki(I -Q o,) 

(o. til
different. rm thfo original .,pceificatin, tiereservoir capacity 'oull lie quickly cnlc,'!atcd, 
rsetvir tat other riclrsfh rlt 

I 
remain the same. 

Although constmit control volumes have heeni 

observed in all of the smveral r:ises studied 1his 
far, our expericice is not stifliie t to suggest
thciqiol ; hlt' s 

that a constant, control volitt is a general 
resu'ilt; we fcl tint furthir resareh is itrdtd 

on this phenomenn. 

Ackmntowvedyrivit Puihicatioi o( hi:t piper is 
mitlhorized by thi. Hiitetor, U1..:. G,.olotgiiaI Sur­
v,.y. rI,,! authorst wih to tliaIk r'.. ant.. Janik 
for. his auistanre in the preparation of the ex­
ample problems. 
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