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The purpose of this dissertation was to create a safety 

compliance model which would advance the state of the art of 

safety compliance models and provide management with a prac-

tical tool which can be used in making safety decisions in 

an environment where multiple objectives exist. A goal pro-

gramming safety compliance model (OSHA Model) was developed 

to fulfill this purpose. The objective function of the OSHA 

Model was designed to minimize the total deviation from the 

established goals of the model. These model goals were 

expressed in terms of 1) level of compliance to OSHA safety 

and health regulations, 2) company accident frequency rate, 

3) company accident cost per worker, and 4) a company bud-

getary restriction. This particular set of goals was 

selected to facilitate management's fulfillment of its 

responsibilities to OSHA, the employees, and to ownership. 

The OSHA Model uses the safety and health relationships 

existing in a business environment to determine the optimal 

results management can expect to obtain with a given ordinal 

ranking of safety and health objectives and their associated 

goal values. The optimal results indicated by the OSHA 



Model are then used in evaluating the effectiveness of a 

given safety and health strategy. 

To examine the reasonableness of the OSHA Model's out-

put and to test the hypothesis concerning the insight the 

model can provide to management on the relationships exist-

ing in the safety compliance decision system, the model was 

empirically tested in an actual safety decision situation. 

Input of the safety and health relationship values and 

exogenous variable values to the OSHA Model, as determined 

by the empirical study, provided the data necessary to obtain 

a base set of optimal solution values. This base optimal 

solution demonstrated the extent to which the subject com-

pany's safety and health objectives could be achieved with 

the specified safety and health strategy. 

After a base optimal solution was obtained, a detailed 

sensitivity analysis was used to indicate the conditions in 

which a change in the model's parameters would cause change 

in the model's base optimal solution. This sensitivity 

analysis was accomplished by successively inputting a num-

ber of plausible alternative variable coefficients, goal 

values, and priority rankings to the model and observing the 

new optimal solutions under each of the assumed functional 

relationships. These new optimal solutions were examined 

to determine what impact changes in each of the three model 

areas had on the base optimal solution. 



This study concludes that all the research objectives 

have been accomplished. The OSHA Model formulated not only 

advances the state of the art of safety compliance models, 

but also provides a practical tool which facilitates manage-

ment's safety and health decisions. The insight into the 

relationships existing in a safety compliance decision sys-

tem provided by the OSHA Model and its accompanying sensi-

tivity analysis was demonstrated by the empirical applica-

tion during the research. The optimal solution values 

showed what could be accomplished with a given objective 

structure and the existing safety and health functional 

relationships. The optimal solution values obtained during 

the sensitivity analysis showed how sensitive the model is 

to the uncertainties relating to goal structures and the 

specific exogenous and endogenous parameter values. This 

new insight available to management can provide a scientific 

base upon which the total system decisions can be made. 
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CHAPTER I 

INTRODUCTION 

When the Williams-Steiger Occupational Safety and Health 

Act of 1970 was signed into law on December 29, 1970, it 

became a benchmark in the annals of industrial safety. Since 

this Act applies to every employer engaged in a business 

affecting interstate commerce, almost every employer in the 

United States is affected. Only governmental employees and 

employers who are subject to the Federal Coal Mine and 

Safety Act and the Atomic Energy Act are not covered under 

the Act. ̂  

The declared Congressional purpose of the Act is ". . . 

to assure so far as possible every working man and woman in 

the Nation safe and healthful working conditions and to pre-

serve our human resources . . . . "2 As part of the Act, the 

Occupational Safety and Health Administration (OSHA) was 

established as part of the U.S. Department of Labor. OSHA 

has the responsibility of establishing and administering 

safety and health standards under one set of rules and 

1Public Law 91-596, 91st Congress, S. 2193, (Washington, 
1973), p. 3. * 

2 
Ibid., p. 1. 



regulations.^ These job safety and health standards are 

mandatory and are enforced through a workplace inspection 

program. 

In the Act it is stated that, "The Congress finds that 

personal injuries and illnesses arising out of work situations 

impose a substantial burden upon, and are a hindrance to, 

interstate commerce in terms of lost production, wage loss, 

medical expenses, and disability compensation payment."^ 

The purpose of the resulting Act should serve only as a reaf-

firmation for industry policies and practices. All employers 

should already be aware of the value of a good accident 

prevention policy and plan for implementation. This is true 

since work-related injuries and illnesses are expensive to 

employers both in terms of decreased productivity and 

increased premiums for workers' compensation insurance. If 

the sometimes permanent loss of a skilled worker and the 

effect on employee morale is added to these costs, it becomes 

clear that it is good business to maintain a good accident 

prevention program.5 Therefore, all the Act should do is to 

establish such a policy and implementation plan on a national 

level. 

Vincent G. Bush, Safety in the Construction Industrv: 
OSHA (Reston, Virginia, 1975), p. 8. 

^Public Law 91-596, p. 1. 

5 
U.S. Department of Labor, Evaluating Your Firm's 

Injury and Illness Experience (Washington, 1975)~ 



Problem Statement 

Although it might be reasonable to conclude that 

industry recognizes the importance of conducting their busi-

ness activities in a safe manner, this conclusion is not 

entirely supported by the results of OSHA inspections during 

1974. During that year, OSHA inspectors conducted 41,768 

inspections in businesses employing 4,927,023 workers. Only 

27 per cent of the establishments were found to be in total 

compliance with OSHA regulations. There were 30,883 cita-

tions written covering 162,981 violations. Proposed 

penalties amounted to $3,579,742. These figures are even 

more impressive since they do not include the inspection 

activities of over twenty states and territories that admin-

ister their own OSHA-approved programs.6 Based on the results 

of these OSHA inspections, it is apparent that if general 

industry management desires to assume its total responsibility 

to ownership and labor, it must commit itself to a determined 

effort directed at improving safety conditions. Since com-

pliance with OSHA regulations is mandatory, the decision for 

this commitment is open to little debate. The real decisions 

left to management concern just how to go about achieving 

compliance. 

One of the main concerns in industry is that of 

balancing costs and benefits. Management desires to commit 

resources in such a manner as to achieve the optimal return 

6U.S. Department of Labor, Job Safety and Health. 
(Washington, 1975), Vol. 3, No. 10, pp. 2-3~ 



possible. The problem they face here is just how to utilize 

their limited resources so to optimize benefits and at the 

same time comply with OSHA regulations. Employers thus need 

a decision analysis tool or methodology which will provide a 

strategy that will result in the least cost to the firm, yet 

satisfy OSHA requirements and industry's overall moral safety 

obligations. 

Research Objective 

The objective of this study is to formulate a manage-

ment model which will assist general industry management in 

economically satisfying its safety obligations. It is an 

attempt to provide a practical model which management can 

use in making safety decisions in an environment where multi-

ple objectives exist. This model incorporates the systematic 

factors influencing industrial safety while remaining flexible 

enough to permit a multidimensional objective function. The 

emphasis of the study is on providing a tool which facilitates 

management's development of 1) a goal hierarchy which remains 

true to the normative safety obligations and is realistic 

based on environment conditions and 2) an accompanying strat-

egy geared toward the progressive achievement of the goals. 

Hypothesis 

This study examines the hypothesis that a goal program-

ming model can be developed which 1) extends the work found 

in the current literature concerning safety compliance models 



and 2) provides insight into the relationships existing in a 

safety compliance decision system. 

Research Methodology 

To accomplish the objectives of this research and to 

test the postulated hypothesis, both primary and secondary 

sources will be used to develop a goal programming OSHA 

compliance model. The use of goal programming facilitates 

the use of a pluralistic objective function which more closely 

represents reality. This technique utilizes an ordinal 

hierarchy among conflicting multiple goals so that the 

lower-order goals are considered only after the higher-

order goals are satisfied or have reached a minimum desired 

satisfaction level. 

The secondary research involved examination of pertinent 

literature concerning OSHA regulations, industry safety and 

health experience, and any existing mathematical models con-

cerning OSHA compliance. The primary research involves 

personal contact with California OSHA officials, Bureau of 

Labor Statistics officials, and selected corporate management 

personnel. 

An empirical application of the goal programming OSHA 

compliance model is conducted to demonstrate the use of the 

model in evaluating safety and health strategies. The solu-

tions provided by the model are analyzed in relation to how 

theY meet the objectives established by management. 

This analysis provides insight into the relationship between 



the model's objectives, the ranking of the objectives, and 

the goal and resource constraints in the safety and health 

decision system. 

The analysis is designed to test this study's hypotheses. 

The analysis of the model's output takes the form of observing 

the model's optimal solutions and of applying parametric range 

analysis. The model's solutions show the manner in which 

the firm's safety and health objectives are achieved by 

specified safety and health strategies. The solutions are 

analyzed by observing the safety and health decision patterns 

created by the model. Parametric analysis (sensitivity 

analysis) is used to indicate the conditions in which a 

change in the model's parameters may cause change in the 

model's optimal solutions. In effect, uncertainties con-

cerning exact functional relationships in the safety and 

health environment are taken into account by not applying the 

OSHA Model in a mechanistic manner. A number of plausible 

alternative variable values are provided as inputs, and 

successive runs of the model indicate the optimal results 

under each of these assumed functional relationships. 

Significance of Study 

In the area of industrial safety, management is faced 

with at least three major responsibilities. First, manage-

ment has a responsibility to employees and society to provide 

a safe work environment. Second, there is a legal obligation 

to comply with OSHA regulations. Concurrently, there is a 



third responsibility to ownership to operate in such a manner 

as to satisfy the first two responsibilities while holding 

overall cost as low as possible. The significance of this 

study is that it will formulate a mathematical model designed 

to aid management develop a strategy to satisfy these multiple 

objectives. 

Research Scope and Limitations 

The scope of this study will be limited to the develop-

ment of a generalized OSHA compliance model for general 

industrial applications. A specific application taken from 

the Fresno, California,area will be used to illustrate the 

model's effectiveness. The compliance criteria used in the 

model will be the health and safety standards published in 

the general industrial section of Part 1910 of Title 29 of 

the Code of Federal Regulations. These regulations are 

known as the Williams-Steiger Occupational Safety and Health 

Act of 1970. 

The OSHA compliance model, like other models, is an 

abstraction from reality. The objective of this abstraction 

is to permit the modeler to begin to understand the complex 

phenomena that he is attempting to describe. To accomplish 

this objective, certain major simplifying assumptions are 

necessary which might be considered limitations. 

The first major assumption is that all the model's 

behavioral and economic relationships are considered to be 

linear. This is a reasonable assumption since many economic 



8 

relationships may well be linear or may be approximated by 

linear functions. Also, for restricted ranges of the inde-

pendent variable, linear regression can be very appropriate 

no matter what the basic functional relationship between the 

dependent and independent variables may be.^ 

The second major assumption is that functional relation-

ships in the model are adequately described by the regression 

lines developed using the limited available data. This 

assumption is necessary since historical data concerning 

their relationships does not exist for periods earlier than 

1973. This assumption is also appropriate since management 

is often faced with decisions which must be made based on 

whatever information is available at the time.8 

Neither of the preceding limitations negates the model's 

usefulness since it is intended to be a decision aid for 

management to use in determining strategies which the company 

may wish to use to achieve compliance with health and safety 

regulations given its resource and goal constraints. 

Overview 

This study has five major sections or chapters. 

Chapter I contains a study introduction, a statement of the 

problem, the research objectives, the research hypothesis, 

7 
Ya-lum Chou, Statistical Analysis (New York, 1975) , 

p. 649. 
O 
Statement by Dr. George Christy, Professor, North Texas 

State University, January 19, 1976. 



the research methodology, the significance of the study, 

research scope and limitations, and a general study overview. 

Chapter II presents a description of the Williams-

Steiger Occupational Safety and Health Act of 1970, an 

explanation of the need for the Act, and what management 

must do to comply with the legislation. A brief examination 

of existing literature concerning mathematical safety and 

health compliance models is also included in this chapter. 

Chapter III first presents a study of the concepts of 

goal programming, and then this optimization technique is 

used as the framework for developing a generalized OSHA 

compliance model. 

Chapter IV contains a description of a specific appli-

cation of the generalized OSHA compliance model. The subject 

company is briefly described and then the model is formulated 

using actual company data. A detailed description of the 

model's executions is provided along with their results. An 

extensive sensitivity analysis is conducted on the model to 

evaluate its sensitivity to uncertainties in the values of 

the model1s parameters. 

In Chapter V, Summary and Conclusions, the study is 

summarized and its conclusions are stated. This chapter also 

indicates possible extensions of the work initiated by this 

study. 



CHAPTER II 

THE WILLIAMS-STEIGER OCCUPATIONAL SAFETY 

AND HEALTH ACT OF 1970 

After lengthy discussion and consideration, Congress 

approved the Williams-Steiger Occupational Safety and Health 

Act of 1970 on December 29, 1970. The Act is published as 

Part 1910 of Title 19 of the Code of Federal Regulations and 

it became effective on April 28, 1971. The regulations were 

republished on June 27, 1974 to incorporate all changes made 

up to June 3, 1974. This section of the study presents a 

description of the major aspects of this Act and an examina-

tion of existing mathematical models designed to assist 

management achieve compliance with the regulations contained 

in the Act. 

Description of the Act 

Purpose of the Law 

To combat the excessive personal injuries and illnesses 

arising out of work situations Congress passed the Act 

". . .to assure so far as possible every working man and woman 

in the Nation safe and healthful working conditions and to 

preserve our human resources. . . .n^ 

"^Public Law 91-596, 91st Congress, S. 2193, (Washington, 
1973), p. 3. 

10 
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Coverage 

The provisions of the law apply to all employment per-

formed in a workplace in a state, the District of Columbia, 

the Commonwealth of Puerto Rico, the Virgin Islands, American 

Samoa, Guam, the Trust Territory of the Pacific Islands, Wake 

Island, Outer Continental Shelf lands, Johnston Island, and 

the Canal Zone. Excluded from coverage are employees of 

federal, state, and local governments and working conditions 

protected under other federal occupational safety and health 

laws.2 

Duties of Employers and Employees 

Each employer is responsible for providing employment 

and places of employment which are free from recognized 

hazards causing, or likely to cause, death or serious physical 

harm. Employers must also comply with occupational safety 

and health standards promulgated under the Act. Each 

employee has the duty to comply with these standards and all 

rules, regulations, and orders issued pursuant to the Act 

which are applicable to his own actions and conduct.^ 

Under the Act there are both civil and criminal penal-

ties spelled out for employers who do not comply. However, 

there are no penalties set forth for employees who do not 

cooperate or comply with regulations. As a practical matter, 

2Ibid., p. 3. 

^Ibid., p. 4. 
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this lack of accountability on the part of the employee makes 

the employer entirely responsible for safety. 

Standards and Variances 

The initial standards promulgated by the Secretary of 

Labor under the Act were developed from existing federal 

standards (such as the Walsh-Healey Act and Service Contract 

Act of 1965) and national concensus standards produced by 

nationally recognized organizations (such as the National 

Fire Protection Association or the National Safety Council). 

In general, these standards amount to rules for avoidance of 

hazards which have been proven by research and experience to 

be harmful.^ All these standards are to be considered mini-

mum requirements. In the Act there are provisions for the 

Secretary of Labor to promulgate, modify, or revoke any 

occupational safety or health standard on an as-required 

basis. The Act also provides for the establishment of 

emergency temporary standards in situations where it is 

found that employees are exposed to grave danger. 

The basic industrial standards under the Act are pub-

lished as Part 1910 of Title 29 of the Code of Federal 

Regulations. In addition, standards have been developed for 

several specific industries where it is felt that the work 

environment requires specific tailor-made rules. As a result, 

^U.S. Department of Labor, Recordkeeping Requirements 
Under the Williams-Steiger Occupational Safety and Health Act 
of 1970, (Washington, 1971). 
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Parts 1915, 1916, 1917, 1918, and 1919 of Title 29 of the 

Code of Federal Regulations contain standards for maritime 

industries while Part 1926 contains standards for the con-

struction industry. 

In some instances, an employer may be granted a variance 

from a standard. Temporary variances from standards are 

permissible if an employer can show that he is unable to 

comply with a standard by its effective date because of the 

unavailability of professional or technical personnel or 

materials and equipment needed to come into compliance with 

the standard or because facility alterations or construction 

cannot be completed by the effective date. The employer 

must also show that he is taking all available steps to 

protect his employees against the hazard covered by the 

standard and that he has an effective plan to come into 

compliance as quickly as possible. Variances may be granted 

without time limits if the employer can show that he is using 

safety measures which are as safe as those specified in the 

standard.^ 

Administration 

Overall administration and enforcement of the Act is 

vested in the Secretary of Labor. The Secretary is authorized 

to set mandatory safety and health standards applicable to 

all businesses affecting interstate commerce. The Occupational 

^Public Law 91-596, pp. 4-8. 
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Safety and Health Review Commission was established by the 

Act for carrying out adjudicatory functions under the Act. 

The responsibility for all research and related functions 

specified in the Act is vested in the Secretary of Health, 

Education, and Welfare (HEW).^ 

Inspections, Investigations, 

and Recordkeeping 

In order to accomplish the goal of the Act, the Act 

authorizes OSHA to carry out an effective program of stan-

dards enforcement. In enforcing the standards, OSHA compliance 

officers are authorized to enter, inspect, and investigate any 

such place of employment covered by the Act. The inspectors 

must have access to all areas of the workplace and may ques-

tion privately any such employer, owner, operator, agent, or 

employee. Normally these inspections are unannounced so 

that inspectors can observe the workplaces during their 

regular day-to-day procedures. 

In order to achieve maximum impact of the Act, OSHA has 

established a priority system for inspections. Top priority 

is given to situations where conditions exist which could 

cause death or serious physical harm either immediately or 

before the danger can be eliminated through normal enforce-

ment procedures. High priority is given to investigations of 

catastrophes, fatalities, and accidents where five or more 

^U.S. Department of Labor, Recordkeeping Requirements, 
p. 4. 

^Public Law 91-596, pp. 9-11. 
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employees are hospitalized. Third priority is given to 

complaints from employees. The complaints must concern 

alleged violations of standards or of unsafe or unhealthful 

work conditions. The next inspection priority is a concen-

trated attack on regional target industries where injury 

frequencies are considered high. Special attention is 

directed toward industries where there is broad employee 

exposure to asbestos, carbon monoxide, cotton dust, lead, 

and silica. The final priority level is for random inspec-
O 

tions of all covered workplaces. 

During an OSHA inspection, the employer and a repre-

sentative authorized by his employees are permitted to 

accompany the inspector during the actual inspection for the 

purpose of aiding such inspection. Any information obtained 

concerning administration and enforcement of the Act is 

supposed to be obtained with a minimum burden upon employers. 

When related to investigations under the Act, the Secretary 

of Labor has power to require the attendance and testimony 

of witnesses and the production of evidence under oath.^ 

To facilitate the operations of OSHA, employers are re-

quired to make, keep, and preserve records of certain employer 

activities under the Act. As a government publication states: 
O 
U.S. Department of Labor, Job Safety and Health 

(Washington, 1975), Vol. 3, No. 7, p. 19. 

9 
U.S. Department of Labor, Recordkeeping Requirements, 

p. 5. 
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Employers are also required to maintain 
accurate records (and periodic reports) of work-
related deaths, injuries, and illnesses. Minor 
injuries requiring only first aid treatment need 
not be recorded, but a record must be made if it 
involves medical treatment, loss of consciousness, 
restriction of work or motion, or transfer to 
another job. 

Employers can also be required to maintain 
accurate records of employee exposures to 
potentially toxic materials or harmful physical 
agents. . .and to promptly advise any employee 
of any excessive exposure and the corrective 
action being undertaken.^ 

The Act requires that an employer maintain and make 

available to the Secretary of Labor such records as the 

Secretary may prescribe by regulation ". . .as necessary or 

appropriate for the enforcement of this Act or for devel-

oping information regarding the causes and prevention of 

occupational accidents and illnesses. . . ."H 

Enforcement 

Where an inspection or investigation reveals a violation 

of the Act, the employer is issued a written citation de-

scribing the specific nature of the violation. A copy of the 

citation must be prominently posted at or near the place of 

violation. The citations specify a reasonable time for 

elimination or abatement of the hazard. Usually the abate-

ment period will not be longer than thirty days. In special 

situations requiring extensive corrective actions an employer 

•̂̂ Ibid. , p. 7. 

•^Public Law 91-596, p. 10. 
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can submit a schedule of abatement but he must provide prompt 

12 

temporary protection to employees. 

The penalties for violations of the Act's requirements 

cannot be considered minor. As stated in a government 

publication: 
Willful or repeated violations of the Act's 

requirements by employers may incur monetary penal-
ties of up to $10,000 for each violation. Citations 
issued for serious violations incur mandatory monetary 
penalties of up to $1,000 for each violation, while 
penalties in the same amount may be incurred when non-
serious violations are cited. A serious violation 
exists where there is a substantial probability that 
death or serious physical harm could result. Any 
employer who fails to correct a violation for which 
a citation has been issued within the period pre-
scribed therein may be penalized up to $1,000 each 
day the violation persists. 

A willful violation by an employer which results 
in the death of any employee is punishable by a fine 
of up to $10,000 or imprisonment for up to six months. 
A second conviction doubles these criminal penalties. 

Criminal penalties are also included in the Act 
for making false official statements and for giving 
unauthorized advance notice of any inspections to 
be conducted under the Act.13 

In certain hazardous situations OSHA can obtain a 

federal court order to shut down all or part of an employer's 

operation. In such instances the danger must be sufficient 

enough to have a high probability of causing death or serious 

physical harm immediately or before the danger could be 

corrected through regular enforcement procedure. 14 

12 . 
Vincent G. Bush, 

OSHA (Reston, Virginia, 
13, 

p. 6. 
U.S. Department of Labor, Recordkeeping Requirements, 

14 Bush, Safety, p. 

Safety in the Construction Industry: 
1975), p. 173. 

175. 
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The exact penalty for a violation depends on the situ-

ation. "In assessing penalties, the Act requires the Com-

mission to give 'due consideration' to the seriousness of 

the violation, the size of the employer's business, the good 

faith of the employer, and any history of previous viola-

tions.""*"̂  The actual fine for a specific violation also 

involves consideration of the existing probability of an 

accident, the severity of an accident if it did occur, and 

1 6 

the extent of the violation at the workplace. The overall 

procedure could be a very subjective process even if some 

formula was used for final penalty determination. 

An employer has fifteen working days after receipt of the 

proposed penalty to appeal either the citation or the pro-

posed penalty. Employees have fifteen working days after a 

citation is issued to contest the time set for correcting the 

violation. Appeals are heard by the Occupational Safety and 

Health Review Commission. Reviews of Commission findings may 
17 

be obtained in the United States Court of Appeals. 

State Jurisdiction and State Plans 

The Act encourages the states to actively participate in 

the administration and enforcement of occupational safety and 

15 Ibid., p. 177. 

1 
Statement by George Sanchez, OSHA Representative, 

Atlanta, Georgia, January 14, 1976. 

l^U.S. Department of Labor, Recordkeeping Requirements, 
p. 6. 
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health laws. Not only does the Act allow states to assert 

jurisdiction over occupational safety and health issues not 

covered by federal laws, it also allows states to assume 

responsibility for the development and enforcement of their 

own safety and health laws. In such cases the states receive 

federal grants to cover part of the costs of programs con-

sistent with the objectives of the Act. 

For a state to be allowed to operate its own occupa-

tional safety and health program it must submit a state plan 

for the development of such standards and their enforcement. 

As Vincent Bush explains: 

To get OSHA's approval, a state plan must satisfy 
conditions: 

the state standards, inspections, and reporting 
enforcement provisions must be at least as effective 
as the federal; 

the state agency must have adequate legal authority 
staff, and funding; and 

the state safety and health program must cover state 
and local government employees, if allowed by state 
law.18 

A state plan may be approved even though it does not 

meet all the requirements if the state assures OSHA that it 

will develop its program to full effectiveness within a max-

imum of three years. The Labor Department makes a continuing 

evaluation of the actual operation of state programs to ensure 

the objectives of the Act are being met. If the Labor 

18Bush, Safety, p. 182 
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Department concludes that a State is not complying with the 

conditions for approval of a state plan, it can withdraw 

approval. In such cases, employers in the state are subject 

19 
to federal requirements under the Act. 

National Institute for Occupational 
Safety and Health 

The Act establishes a National Institute for Occupational 

Safety and Health (NIOSH) in the Department of Health, 

Education, and Welfare (HEW). The Institute is authorized 

to develop and establish recommended occupational safety and 

health standards and perform all the research and educational 

functions assigned to the HEW Secretary under the Act. The 

HEW Secretary has the responsibility of planning and conducting 

research, demonstrations, and experiments as are necessary to 

produce criteria enabling the Secretary of Labor to meet his 

responsibility for the formulation of safety and health stan-

dards under the Act. Reports must be periodically published 

concerning research conducted by NIOSH. The HEW Secretary, 

in conjunction with the Labor Secretary, is responsible for 

conducting educational programs to provide an adequate supply 

of qualified personnel to carry out the purposes of the Act 

and for informational programs on the importance of and proper 

use of adequate safety and health equipment. The Act also 

provides for programs for the education and training of 

19Ibid.. p. 182. 
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employers and employees in the recognition, avoidance, and 

prevention of unsafe or unhealthful working conditions, and 

in the effective means for preventing occupational injuries 

and illnesses. The programs are to be conducted primarily 

by the Department of Health, Education, and Welfare, but 

20 
also to some extent by the Secretary of Labor. 

Other Provisions 

The Act contains a number of other provisions which have 

been included to facilitate the functioning of and maximize 

the benefits from the law. 

Statistics.—The Secretary of Labor and the HEW 

Secretary are required to develop and maintain an effective 

program of collection, compilation, and analysis of statistics 

21 
on work injuries and illnesses. 

Protection against harassment.—All employees are pro-

tected against harassment, in terms of discharge or other 

discrimination, for exercising his rights under the Act or 

filing a complaint or testifying in any proceedings under the 

22 
Act. 

Economic assistance to small businesses.—Congress 

recognized that small businesses might find it difficult to 

2QPublic Law 91-596, pp. 21-24. 

21U.S. Department of Labor, Recordkeeping Requirements, 
p. 7. 

2 2Ibid., p. 7 . 
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raise the cash required for achieving compliance under the 

Act. Because of this, the Act contained amendments to the 

Small Business Act which provide for financial assistance to 

a firm if the Small Business Administration determines that 

such a firm is likely to suffer substantial economic injury 

23 
without such assistance. 

Advisory committees.—The Act established the National 

Advisory Committee on Occupational Safety and Health, con-

sisting of twelve members to advise, consult with, and make 

recommendations to the Secretary of Labor and Secretary of 

HEW on matters relating to the administration of the Act. 

The Secretary of Labor may appoint ad hoc advisory committees 

of not more than fifteen members each to assist him in his 

24 
standard-setting functions. 

Representation in civil litigation.—The Solicitor of 

Labor is authorized to appear for and represent the Secretary 

of Labor in any civil litigation brought under the Act. All 

such litigation is subject to the direction and control of 

25 
the Attorney General. 

Trade secrets.—In order to protect employers, all trade 

secrets revealed during OSHA inspections and investigations 

2^Public Law 91-596, p. 29, 

2^Ibid., pp. 8-9. 

2^Ibid., p. 17. 
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are considered confidential for the purpose of section 1905 

of Title 18 of the United States Code.2^ 

National defense.—The Secretary of Labor may allow 

reasonable variations, tolerances, and exemptions to and 

from any part of the Act as he finds necessary and proper to 

avoid serious impairment of the national defense.27 

Annual reports.—The Secretary of Labor and the 

Secretary of HEW are required to submit comprehensive annual 

reports on their activities under the Act to the President 

for transmittal to the Congress. The reports are to include 

the needs and requirements in the field of occupational 

safety and health, the progress toward achievement of the 

purposes of the Act, and any other relevant information.28 

Review of Literature 

In the past, safety and health research has not occupied 

a very high priority in academia.29 Since the signing of the 

Occupational Safety and Health Act of 1970, much has been 

written concerning the impact of the Act on industry and what 

steps industry must take to comply with its requirements. 

2^Ibid., p. 17. 

27Ibid., p. 17. 

28Ibid., pp. 26-27. 

2 9 
David Kalis, "Key Congressman Calls for Reordered 

Priorities for Occupational Health," Occupational Hazards, 
(October, 1975), 45. 
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However, still very little has been done in the area of 

applying modeling techniques in assisting management in 

developing strategies for compliance to OSHA regulations. 

A literary search reveals that the only notable work in 

using modeling techniques for standards compliance involves 

the use of linear programming for allocating safety resources. 

In 1974 T. F. Cecich completed a research project in which he 

utilized linear programming to assess the effectiveness of 

safety programs in the furniture industry.^® Mahmoud A. Ayoub 

also published an article using a similar linear programming 

model to illustrate a modeling approach to resource allocation 

in the furniture industry. Both the Cecich and Ayoub 

models allowed only a single objective in their optimizing 

models. This single objective was that of minimizing the 

overall safety cost per worker. This appears to be a serious 

shortcoming when viewed from the overall systems prospective. 

In almost every decision situation there exists multiple 

objectives. This is especially true in a safety and health 

decision since the employer is faced with complying with man-

datory state or federal safety and health requirements. As a 

result, the employer is faced with the problem of identifying 

^®T. B. Cecich, "A Predictive Model to Assess the 
Effectiveness of Safety Performance Within the Furniture 
Industry," unpublished master's thesis, Department of 
Industrial Engineering, North Carolina State University, 
Raleigh, North Carolina, 1974. 

O 1 
Mahmoud A. Ayoub, "The Problem of Occupational Safety," 

Industrial Engineering, (April, 1975), pp. 17-23. 
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his multiple objectives and arranging them in an ordinal 

ranking. It appears that any strategy and model used in 

safety and health planning should not only incorporate 

multiple objectives, but also be built around complying with 

the mandatory requirements in some optimal manner. 



CHAPTER III 

OPTIMIZATION TECHNIQUE AND GENERALIZED MODEL 

The purpose of this chapter is to present an explanation 

and general description of goal programming and then to use 

this solution structure in the development of a generalized 

standards compliance model. 

Introduction to Optimization Technique 

Linear Programming 

Goal programming (GP) has at its foundation the elements 

of linear programming (LP). In a more specific sense, GP 

has been described as a derivative of LP and maintains some, 

but not all, the characteristics of this highly popular 

quantitative technique."'" 

The formulation of an LP structure to an allocation of 

resource problem requires an approach not unique in the 

discipline of decision science. The scope of the problem 

must be adequately delimited and converted to objective 

criteria. Constraints on resources must be stated in terms 

homogeneous to the final solution. The optimal solution, or 

"'"Sang M. Lee, Goal Programming for Decision Analysis 
(Philadelphia, 1972), p. 21. 

26 
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solutions, must be found in relation to the specified require-

2 
ments of the model. 

The LP approach to decision making is used to allocate 

resources to a defined end in a manner most optimal, given 

the parameters of the problem. The major components of the 

LP model consist of the objective function and corresponding 

constraints equations. The factor that limits the LP model 

is creation of the objective function due to the properties 

it possesses. The most difficult task is to convert all 

goals or objectives to a unidimensional criterion of a 

cardinal nature. This framework is considered too restricted 

for the contemporary problems faced by the decision maker. 

Restraint formulation can be difficult due to the 

inability of the manager to accurately estimate the amount of 

resources available that has been converted to a cardinal 

estimation of cost or value. 

The objective function of the LP model is assumed to 

possess the characteristics of a linear relationship. This 

function is said to be minimized or maximized depending upon 

the intent of the problem solver.3 In this way, the most 

optimal solution can be derived subject to the constraints 

that are known or assumed. 

2Nicolia Siemens, C.H. Marting, and Frank Greenwood, 
Operations Research (New York, 197 3), p. 106. 

3Ibid., p. 104. 



In general, the LP model takes the following form: 

optimize (maximize n 
£ 
j=l 

n 

28 

4 

or minimize): Z = cjxj 

subject to: 21 a..X. ~ b. (for i - 1, 2, . . ., m) 
j=l 

Xj — 0 (for j = 1, 2, . . ., n) 

where: Z = value of the objective function 
which measures the effectiveness of 
the decision 

X. = variables that are subject to the 
-1 control of the decision maker 

c- = unit benefit contribution of a product 
or unit cost of an input which is known 

a-• = production (or technical) coefficients 
that are known 

b^ = available productive resources 

n = number of variables 

m = number of restrictions or constraints 

Goal Programming 

The requirements embodied in the LP formulation for a 

unidimensional objective function, stated in cardinal terms, 

presents problems in the course of present decision criteria. 

It is not always possible, or desirable, to convert all inputs 

or demands placed upon resources within the decision frame-

work into cardinal terms. Under many circumstances, only a 

few of the constraints are readily convertible and, even so, 

4 
N. K. Kwak, Mathematical Programming With Business 

Applications (New York, 1973), pp. 3-4. 
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may be inaccurate or unrealistic. The LP model also requires 

that the optimum s.olution must satisfy all constraints and 

that all constraints have equal importance. In reality, these 

assumptions often prove to be wrong. Management is often 

required to solve problems involving multiple conflicting 

objectives where all constraints of the problem cannot be 

satisfied. Management's strategy must then be to minimize 

the deviations from the goals based on some kind of priority 

5 

structure reflecting the relative importance of the goals. 

The requirement that any quantitative decision model 

must approximate reality led to the development of goal 

programming (GP) for decision making. GP is considered an 

extension of LP and as such discards many of the restrictions 

of the latter technique. GP was first introduced by 

A. Charnes and W. W. Cooper as a method of solving infeasible 

linear programming problems. Since this early work by 

Charnes and Cooper, Y. Ijiri, V. Jaaskelainen, Sang M. Lee, 

and others, have contributed to the refinement of this 

decision tool.*' 

By changing the structure from a cardinal to an ordinal 

approach, it is not necessary to provide unidimensional 

conversions for a solution. The provision that a priority 

structure can be devised, allows multiple conflicting 

Lee, Goal Programming, p. 16. 

^Sang M. Lee and Laurence J. Moore, Introduction to 
Decision Science (New York, 1975), p. 199. 
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objectives to be considered in the same model. The require-

ment for unidimensional conversions exists only within, 

and not between, priority levels in the objective function 

variables. 

The Decision Process 

The rational search to find the best alternatives to 

the many problems faced by the organization has led to a 

proliferation of quantitative techniques for this purpose. 

The conceptual picture of man led decision makers of the past 

to convert all criteria to the task of maximizing profit or 

minimizing costs. The success or failure could be deter-

mined within the scope of these two alternatives. The 

evolution of a new direction in decision requirements leads 

to the conclusion that these two objectives may not be 

7 

suitable in all circumstances. 

The environment in which a business operates dictates 

the types of decisions that must be made. Many new criteria 

have advanced to the forefront, including, but not limited 

to, goals that may not readily be converted to equivalents 

for ease in comparison. Such goals or objectives as 

employee morale, environmental considerations, governmental 

regulation, and union demands are not easily converted to 

dollar figures. The presence of such factors must be considered 

^Ibid., p. 201, 
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by the decision maker when considering policies and direc-

8 
tion of the firm. 

Formulation of the Goal Programming Model 

Preemptive Priority Structure 

In the formulation of the GP objective function, a 

preemptive priority structure is established to satisfy the 

conflicting objectives of the model. An ordinal hierarchy 

must be established with different priorities assigned to 

each level. The priority structure may consist of singular 

goals with different priorities assigned to each, or a 

singular priority may be used with subgoals within it. The 

priority structure gives the GP model power and flexibility 

when dealing with the many conflicting and nonhomogeneous 

objectives of the firm. 

Deviational Variables 

The deviational variables developed in the GP model may 

be defined as the amounts of overutilization or underutili-

zation of resource inputs. Stated in other terms, the 

deviational variables represent the values of goal attain-

ment. The positive deviations are surplus inputs and negative 

values are underachievements. Since underachievement and 

overachievement for the stated objective are mutually exclu-

sive events, one state must always be zero. The GP model is 

O 
Lee, Goal Programming, p. 12. 
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always an exercise in the minimization of the deviational 

variables. The process of minimizing the absolute deviations 

from the stated objectives begins with the highest priority 

goals and proceeds through to the lower priority ones. The 

importance of a properly established ordinal ranking system 

can readily be seen. 

Deviational variables can be stated in the following 

terms: 

d~ = the underutilization or negative 
deviation from the stated goal or 
objective 

d+ = the overutilization or positive 
deviation from the stated goal or 
objective. 

The solution to the GP formulation considers that 

objectives on different levels of priority need not be 

commensurable, but those on the same level must meet this 

requirement.9 

Constraints 

The constraints developed for the GP model represent 

both limitations upon resources or inputs to the problem and 

goals established for the model. These constraints may 

constitute any criteria commensurable with the variables 

selected in the formulation process. Constraints serve to 

delimit the GP model in the same manner as in the LP 

formulation. Since the two techniques assume scarce 

9Ibid., p. 12. 
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resources, or inputs, some estimation must be made to delimit 

the model. 

Objective Function 

The goal programming problem must have an explicit 

objective criterion to optimize. Within the goal programming 

framework, the "objective function" is so termed because it 

includes the objective of the analysis and the required 

criterion variable.10 In linear programming, the objective 

is to maximize or minimize a single objective criterion. 

However, in goal programming, the objective is to attain a 

certain set of goals which are rated by priority factors as 

closely as possible. The approach taken is to minimize the 

deviation from these goals based on what can be achieved 

within the given decision environment. Initially, attention 

is directed toward minimizing, to the fullest possible extent, 

deviation from the goal with the highest priority factor. 

Once this is accomplished, attention is shifted to minimizing 

the deviation from the goal with the second highest priority. 

This procedure continues until all goals are achieved to the 

maximum extent possible, given the existing environmental 

constraints. What is happening is that the model is sacri-

ficing on achieving lower-priority goals so as to achieve a 

"satisfactory" level of achievement on high-priority goals.11 

"^Lee and Moore, Introduction to Decision Science, p. 36. 

^,1Ibid. , pp. 200-205. 
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It is the purpose of the objective function to identify 

the specific goals of the model and to establish their 

specific priority levels. S. M. Lee best explains the 

general structure of the objective function by stating that: 

Goals of the decision maker may simply be 
meeting a certain set of constraints. For 
example, the manager may set a goal concerning a 
stable employment level in the plant, which is 
simply a part of the production constraint. Or 
the goal may be an entirely separate function 
from the constraints of the system. If that is 
the case, the goal constraint must be generated 
in the model. The decision maker must analyze 
the system and investigate whether all of his 
goals are expressed in the goal programming model. 
When all constraints and goals are completely 
identified in the model, the decision maker 
must analyze each goal in terms of whether 
over- or underachievement of the goal is satis-
factory or not. Based on this analysis he can 
assign deviational variables to the regular and/ 
or goal constraints. If overachievement is 
acceptable, positive deviation from the goal can 
be eliminated from the objective function. On the 
other hand, if underachievement of a certain goal 
is acceptable, negative deviation should not be 
included in the objective function. If the exact 
achievement of the goal is desired, both negative 
and positive deviations must be represented in the 
objective function. 

In order to achieve the ordinal solution— 
that is, to achieve the goals according to their 
importance—negative and/or positive deviations 
about the goal must be ranked according to the 
"preemptive" priority factors. In this way the 
low-order goals are considered only after high-
order goals are achieved as desired. If there 
are goals in several ranks of importance, the 
preemptive priority factor Pj (j = 1, 2, . . ., 
k) should be assigned to the negative and/or 
positive deviational variables. The preemptive 
priority factors have the relationship of P-̂  
> > > > > p3' ' pj+l> where 

>• ;> means "very much greater than." The 
priority relationship implies that multiplication 
by n, however large it may be, cannot make the 
lower-level goal as important as the higher goal. 
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It is, of course, possible to refine goals even 
further by means of decomposing (subdividing) the 
deviational variables. To do this, additional 
constraints and additional priority factors may 
be required. 

One more step to be considered in the goal 
programming model formulation is the weighting of 
deviational variables at the same priority level. 
For example, if the sales goal involves two dif-
ferent products, there will be two deviational 
variables with the same priority factor. The 
criterion to be used in determining the differ-
ential weights of deviational variables is the 
minimization of the opportunity cost or regret. 
This implies that the coefficient of regret, which 
is always positive, should be assigned to the indi-
vidual deviational variable with the identical 
"p." factor. The coefficient of regret simply 
represents the relative amount of unsatisfacotry 
deviation from the goal. Therefore, deviational 
variables on the same priority level must be 
commensurable. 

The objective function of the goal programming model 

can be mathematically expressed as: 
m k + 

minimize Z = ^ P • (d.- + d •) 
i=l j=l 3 

where: Z = sum of the deviational variables 

m = number of goals in the objective 
function 

k = number of priority levels 

Pj = priority coefficient for priority "j" 

This objective function expresses the decision maker's desire 

to minimize the deviations from the goals. If overachieve-

ment of a goal is acceptable, "d^" should not be included in 

the objective function. Likewise, if underachievement is 

^Ibid. , pp. 202-203. 
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acceptable, "dT" is eliminated from the objective function. 

If the exact achievement of a goal is desired, both deviational 

variables are ranked according to their preemptive importance. 

A priority coefficient "Pj" is assigned to each goal according 

to how the goals are ranked. Priorities signify the impor-

tance of the achievement of a goal. This procedure estab-

lishes the order in which the goals receive attention in 

terms of being allocated resources. Higher-priority goals 

are achieved at the expense of lower-order goals. In effect, 

the higher-order goals act as model constraints for the 

lower-order goals. 

Restrictions and Limitations 

Embodied in any quantitative technique are certain 

limitations and restrictions. Although GP has some restric-

tions and limitations, they are not so severe as to under-

mine the effectiveness of the technique. 

The GP model, as in LP, assumes that all constraints, 

goal relationships, and the objective function are linear. 

This criteria does not pose a serious limitation to the use 

of GP for decision making. Many relationships may well be 

linear or may be approximated by a linear function. Also, 

for restricted ranges of the independent variable, linear 

regression can be very appropriate no matter what the basic 
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functional relationship between the dependent and independent 

13 
variable may be. 

Expanding the concept of linearity, Sang M. Lee states: 

The condition that goal attainment and resource 
utilization be proportional to the level of each 
activity conducted individually does not insure 
linearity. A nonlinearity may occur if there exist 
joint interaction among some activities of the goal 
attainment or the total utilization of resources. 
To insure linearity, therefore, the activities 
must be additive in the objective function and 
constraints.14 

Currently, GP solutions that contain fractions, or non-

integer values, must be acceptable in the final solution. 

This particular limitation for many formulations does not 

pose any significant problem. In those particular cases 

where noninteger values are unacceptable, integer goal 

programming procedures are being developed that will produce 

15 

an integer value where appropriate. 

Most problems requiring decisions to be made occur in a 

dynamic operating environment. The deterministic character-

istics of the GP model pose a limitation for future decision 

making. Many of the values assigned in the model may not be 

accurately estimated or constant in the course of reality. 

The deterministic characteristics of the GP model can be 

effectively countered by the prudent application of sensiti-

vity analysis. Sensitivity analysis and avoidance of using 

13 
Ya-lun Chou, Statistical Analysis, p. 649. 

"^Lee, Goal Programming, p. 33. 

15 
Lee and Moore, Introductions to Decision Science, p. 486, 
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the model in a mechanistic manner can provide a valid 

16 
framework for decision analysis. 

Formulation of the Generalized Model 

The objective of this section of the study is to 

formulate and explain a generalized OSHA compliance model 

for application in general industry situations. The model 

will be called the OSHA Model. In the OSHA Model the 

industrial firm is the decision maker and is assumed to 

desire to achieve compliance with the mandatory safety 

and health requirements in such a manner as to optimize 

its overall safety and health program. The objective of 

the OSHA Model is to provide a means of analysis which 

will facilitate management's evaluation of safety and 

health strategies. 

The framework necessary for the OSHA Model consists 

of the safety and health compliance category goals plus 

accident frequency constraints, accident cost constraints, 

and a budget constraint. The objective function contains 

the weighted deviation variables and reflects the priority 

structure in meeting the established goals. Each of 

these parts of the OSHA Model is explained in detail 

in the following sections of this chapter of the study. 

I (Z 

Kalman J. Cohen and Stan Thore, "Programming Bank 
Portfolios Under Uncertainty," Journal of Bank Research 
(Spring, 1970), p. 43. 
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Compliance Category Equations 

In general industrial situations, OSHA has identified 

sixteen separate safety and health compliance categories. 

These sixteen categories, along with the variable used in the 

OSHA Model to represent each category, are shown in Table I. 

Brief descriptions of these sixteen safety and health cate-

gories are provided in Appendix A. In generalized form, the 

equation for the compliance categories is: 

+ dT - d+ = N± 

where: x- = optimal increase in the compliance 
1 level for category "i" in per cent 

d̂ " = per cent undercompliance in category 
II II 

dt = per cent overcompliance in category 
H ^ 11 

N. = desired per cent increase in com-
1 pliance level in category "i" 

In the previous equation (x̂  + d^ - dt = Nj_) the value 

for each of the x^ endogenous variables represents the 

optimal increase in the compliance level for the category 

above the existing level of compliance. The desired per 

cent increase in the compliance level for category "KL " 

represents the difference between 100 per cent compliance and 

the existing compliance level in that category. The value 

"ISh " is an exogenous variable representing a goal which is 

determined by inspection of the work environment to identify 

the ratio of compliance in each category to the total possible 
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TABLE I 

SAFETY AND HEALTH CATEGORY VARIABLES 

Safety and Health Category Variable 

Walking-working surfaces x-̂  

Means of egress x2 

Powered platforms, manlifts, and vehicle-
mounted work platforms x^ 

Occupational health and environmental control . . . . x^ 

Hazardous materials x^ 

Personal protective equipment x^ 

General environmental control x^ 

Medical and first aid Xg 

Fire protection Xg 

Compressed air and compressed gas equipment x-̂ g 

Materials handling and storage x-Q 

Machinery and machine guarding x-̂ 2 

Hand and portable powered tools and other 

hand-held equipment x ^ 

Welding, cutting, and brazing x-^ 

Special industries x^^ 

Electrical x^g 

compliance. This inspection process determines the present 

level of compliance in per cent. The value for each goal 

variable "N^" is determined by subtracting the present level 

of compliance from 100. In further discussion, percentage 

compliance will be referred to as "safety units." 
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In the generalized compliance category equation, the 

"d~" and "dt" are endogenous variables representing deviation 
i i 

from the category goals. The "d~" represents underachieve-

ment of the goal while "dt" represents overachievement of the 

goal. In the OSHA Model framework, overachievement will not 

be possible. This restriction is placed on the model because 

of the subjective nature of determining what constitutes 

overachievement, how it is measured, and what impact it will 

have on the safety and health environment. Also, since 

safety and health objectives must compete with the other 

corporate objectives for the limited available funds, this 

restriction will facilitate the overall budgetary decision 

process. Because of this restriction, all "dt" variables 

are excluded from the goal programming formulation. The 

initial programming model thus is formulated as: 

X]_ + d^ = 

x2 +
 d2 = N2 

x3 + d^ = N3 

x4 + d^ = N4 

x16 + d16 = N16 

Frequency Constraint 

It is generally accepted that in an industrial environ-

ment some degree of accidental loss is inevitable. To a 
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great degree the extent of this accidental loss is dependent 

upon the presence of safety and health hazards in the work 

environment. If the level of safety performance in the area 

increases, it would be reasonable to assume that the hazards 

could be reduced, and consequently the frequency as well as 

17 
severity of accidents. 

The frequency constraint equation is a goal constraint 

which represents the effect increases in safety performance 

in each of the sixteen safety categories has on reducing the 

accident frequency."^ 

The equation takes the general form: 

F - 21 fjXj. S J 
i=l 

where, F = current base accident frequency rate 

m = number of OSHA compliance categories 
applicable to a given problem 
environment 

f^ = proportion reduction in frequency for 
each safety unit of "x^" 

J = accident frequency goal 

"^Mahmoud A. Ayoub, "The Problem of Occupational Safety," 
Industrial Engineering, (April, 1975), p. 20. 

1 ft 
The frequency rate represents the number of injuries 

and illnesses per 100 full-time workers and is calculated as: 
(N/EH) X 200,000, where 

N = number of injuries and illnesses 
EH = total hours worked by all employees during 

calendar year 
200,000 = base for 100 full-time equivalent workers 

(working 40 hours per week, 50 weeks per year) 
U.S. Department of Labor, Occupational Injuries and Illnesses 
in the United States, by Industry, 1973 (Washington, 1975). 
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The current base accident frequence rate "F" represents 

the present accident frequency for the employer. This 

exogenous variable is determined by an examination of the 

company records for the previous year. The present accident 

frequency rate is to a large extent determined by the present 

"x±" levels. 

The exogenous variable 11 f^" represents the proportional 

change in accident frequency rate "F" caused by each addi-

tional safety unit of "x^." The value for each "f^" variable 

is determined by a process using regression analysis of data 

obtained from company records. These records are examined 

to identify the frequency of accidents in each safety 

category and the corresponding level of compliance for each 

category during each year. The company's experience with 

results obtained with specific compliance levels forms the 

basis for determining the relationship which exists for the 

company in each of the safety categories. The resulting 

relationship between increases in safety units in a category 

and accompanying changes in accident frequency in that cate-

gory provides a basis for estimating future frequency levels. 

The slope of the regression line representing this relation-

ship in each safety category reflects the proportional change 

in that part of the overall accident frequency that is 

attributable to accidents in that category. 

The goal parameter "J" is an exogenous variable which is 

set by management as a maximum desired accident frequency 
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rate for the work environment. This accident frequency rate 

is a goal which management desires to achieve by establishing 

an appropriate safety and health strategy. 

When the frequency equation is transformed into the goal 

programming framework, it is expressed as: 

m , 
F - SI + d17 " d17 " J 

i=l 
The equation contains the endogenous variables "d17

n and 

11̂ +̂  ii t o aiiow for deviation from the accident frequency 

goal "J." Overachievement of the goal would result in an 

accident frequency which is lower than the goal frequency 

"J." In such a situation this is desirable since it means 

that the accident rate had been reduced even more than 

management had hoped. The variable '^^7" represents the 

difference between the goal "J" and the lower value actually 

achieved. Since the optimal safety and health strategy for 

existing conditions may not reduce the accident frequency 

to the goal, the variable ndJ7" represents the difference 

between the goal and the higher accident frequency actually 

achievable with a given strategy. As previously noted, in 

goal programming, one of these deviational variables will 

have a value of zero. To a great degree the priority 

assigned to the achievement of the accident frequency goal 

determines which deviational variable will have a value of 

zero and what value the other variable will have. 
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Accident Cost Constraint 

The excessive cost associated with work-related injuries 

and illnesses was one of the major factors motivating Congress 

to take steps to improve safety and health conditions in this 

country. Table II shows a number of the factors which account 

for these excessive costs. The National Safety Council 

estimates that the total cost of work accidents in 1974 was 

$15,300,000,000. A breakdown of these costs is shown in 

Table III. As shown in the table, the National Safety 

Council estimates that the "visible costs" of occupational 

injuries are about equal to all "other costs." These 

"visible costs" include medical costs and Workers' Compensa-

tion payments while the "other costs" cover such indirect 

and hidden costs as shown in Table II. When all the indirect 

and hidden costs are considered, it would appear that the 

simple one-to-one ratio the National Safety Council uses in 

its estimates of the "other costs" is very conservative. 

Accurate figures for these "other costs"are not available 

because present-day accounting systems used in industry fail 

to identify all the indirect, hidden, or uninsured costs as 

they do the visible Workers' Compensation and medical costs. 

Many industrial safety personnel contend that, on the average, 

the indirect and hidden costs may be as high as six to eight 

times greater than the visible costs arising out of Workers' 

19 

Compensation and medical expenses. Regardless of the actual 

19 
Statement by Mr. Ed Horanic, Safety Director, City of 

Fresno, Fresno, California, March 3, 1976. 
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TABLE II 

INJURY AND ILLNESS COST COMPONENTS 

Direct Costs 

Medical 

Workers 1 Compensation 

Indirect and Hidden Costs 

Time lost from work 

Loss in earning power 

Economic loss to injured's 
family 

Lost time by fellow workmen 

Loss of efficiency due to 
breakup of crew 

Lost time by supervision 

Cost of breaking in new man 

Damage to tools and equip-
ment 

Time damaged equipment is 
out of service 

Spoiled work 

Loss of production 

Spoilage—fire, water, 
chemical, explosives, etc. 

Failure to fill orders 

Overhead cost (while work 
was disrupted) 

Miscellaneous 

Source: Arthur J. Naquin, "The Hidden Costs of 
Accidents," Professional Safety (December, 1975), p. 36. 
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cost totals, it is evident that work-related injuries and 

illnesses impose a substantial burden upon interstate 

commerce. 

The accident cost constraint equation is a goal con-

straint which represents the effect increases in safety-

performance in each of the sixteen safety categories have 

on reducing the accident cost in a work environment. The 

equation takes the general form: 

m 
A - SC aixi ̂  Q 

i=l 

where, A = current accident and illness 
cost/worker 

a^ = proportional reduction in accident cost 
for each safety unit "x^" 

Q = goal for accident and illness 
cost/worker 

The current accident and illness cost "A" represents 

the present cost per worker in the work environment. Since 

present-day accounting systems do not provide a practical 

way to determine the exact value of the indirect and hidden 

cost, only visible costs are used in determining the acci-

dent and illness cost per worker. This use of visible costs 

as a measure of costs per worker is consistent with commonly 

accepted procedures such as those used by the National 

Safety Council. The value of the exogenous variable "A" is 

determined by an examination of company records for the 

previous year to identify lost wages, insurance administrative 
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costs, and medical costs associated with work-related injuries 

and illnesses for the previous year. The present accident 

and illness cost is, to a large extent, determined by the 

present safety unit levels in the various compliance cate-

gories . 

TABLE III 

1974 WORK ACCIDENT COSTS* 

Item Cost 

Visible costs 

Wage losses $3,000,000,000 
Insurance administrative 
costs 2,100,000,000 

Medical costs 1,700,000,000 $ 6,800,000,000 

Other costs** 6,800,000,000 

Fire losses 1,700,000,000 

Total costs in 1974 

Cost per worker 

$15,300,000,000 Total costs in 1974 

Cost per worker $ 175 

*Source: National Safety Council, Accident Facts 1975 
Edition (Chicago, 1975), p. 24. 

**Includes the money value of time lost by workers other 
than those with disabling injuries who are directly or indi-
rectly involved in accidents. Also included would be the time 
required to investigate accidents, write up accident reports, 
etc. 
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The exogenous variable "a^" represents the proportional 

change in the accident and illness cost per worker "A" caused 

by each additional safety unit of "x^." The value for each 

"a^" variable is determined by a process using regression 

analysis of data obtained from company records. The records 

are examined to identify the visible cost of accidents in 

each safety category and the corresponding level of compli-

ance for each category during each year. The company's 

experience with results obtained with specific compliance 

levels forms the basis for determining the relationship 

which exists for that company in each of the safety cate-

gories. The resulting relationship between increases in 

safety units in a category and accompanying changes in 

accident and illness costs in that category provides a basis 

for estimating future cost levels. The slope of the 

regression line representing this relationship in each 

safety category reflects the proportional reduction in that 

part of the overall accident and illness cost that is 

attributable to accidents in that category. 

The goal parameter "Q" is an exogenous variable which is 

set by management as a maximum desired accident and illness 

cost for the work environment. This cost is a goal which 

management desires to achieve by establishing an appropriate 

safety and health strategy. 

When the accident and illness cost constraint is trans-

formed into the goal programming framework, it is expressed as: 
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m 
A " ai xi + dl8 " dis - a 

The endogenous variables "d^g" and "d^g" are in the 

equation to permit deviation from the cost goal "Q." Over-

achievement of the goal would result in an accident cost 

which is lower than the cost goal "Q." This overachievement 

is desirable since it means that costs had been reduced even 

more than management had hoped. The variable "d^g" represents 

the difference between the goal "Q" and the lower value 

actually achieved. Since the goal "Q" may not be achievable 

with the optimal safety and health strategy for existing 

conditions, the variable "d£g" represents the difference 

between the goal and the higher cost actually achievable with 

a given strategy. Just as the case was with the frequency 

equation, either "d^g" or "d^g" will have a value of zero. 

To a large extent, the priority assigned to the achievement 

of the accident and illness cost goal determines which 

deviational variable will have a value of zero and what 

value the other variable will have. 

Budget Constraint 

From an academic point of view, each employer should 

attempt to achieve and maintain the highest level of safety 

performance possible through use of the latest in safety 

equipment and procedures. However, each safety program, 

regardless of its characteristics or goals, does cost money 
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O A 

and require time. Since almost every company does not have 

an unlimited supply of capital, whatever management does to 

improve safety performance must be done within some type of 

budgetary constraint. The real problem faced by management 

is just how to utilize limited resources so as to optimize 

benefits and at the same time comply with OSHA regulations. 

Besides achieving 100 per cent compliance with OSHA regula-

tions, reducing accident frequency and reducing accident 

costs, management must have an additional goal of accom-

plishing all this at some minimal expense level. 

The budget constraint equation is a goal constraint 

which represents the effect each additional dollar spent in 

each of the sixteen safety categories has on increasing the 

level of compliance in each category. The equation takes 

the general form: 

m 
B + SI b.x. ̂  R 

i=l 1 1 

where, B = the dollar amount required to maintain 
present level of overall compliance 

b^ = the dollar amount necessary to achieve 
1 per cent increase in safety units in 
category "x^" 

R = the dollars budgeted for safety 

The exogenous variable "B" represents the expenditure 

necessary to maintain the present level of safety units in 

all sixteen safety categories. This dollar amount would 

2 0 
Ayoub, "The Problem of Occupational Safety," p. 20. 
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cover repair of worn or damaged facilities, equipment and 

materials, replacement of depleted or missing equipment, 

wages for existing safety personnel and any other expenditure 

which did not increase the safety units in one of the safety 

categories but was necessary to prevent a decrease in the 

safety units in any of the categories. The value for this 

exogenous variable is determined through an examination of 

the work environment and also company records to identify 

expenditures which are deemed necessary to maintain status 

quo in all the safety categories. 

The exogenous variable "b^" represents the mean expen-

diture required to achieve 1 per cent increase in safety 

units in safety category "x^." The value for each "b^" 

variable is determined through an engineering cost analysis 

of expected costs associated with increasing the safety units 

in each category from their present levels up to a level of 

100 per cent or total compliance with OSHA standards. The 

total expected cost in each category is then divided by the 

number of safety units required to reach total OSHA compli-

ance in that category to get a mean expected cost for each 

additional safety unit in that category. This value is then 

used as the "b^" variable for that category. 

The goal parameter "R" is an exogenous variable which 

is set by management as a maximum desired expenditure for 

safety and health activities. Management sets this budgeted 

amount as part of the normal financial planning process. 
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Management then searches for a safety and health strategy 

which will result in the greatest overall achievement of 

stated safety and health goals within this budgetary 

constraint. 

When the budget constraint is transformed into the goal 

programming framework, it is expressed as: 

m 

B + b i X i + a " " = R 

The equation contains the endogenous variable "dj9" and 

"d19" t o a l l o w f o r deviation from the budget goal "R." 

Provisions must be made for possible deviation on either side 

of "R" because it may be possible to achieve all the safety 

and health goals without spending all the budgeted funds or 

it may be necessary to go over budget to comply with some of 

the mandatory OSHA regulations. The priority assigned to the 

budget goal in the objective function greatly determines the 

degree of goal achievement under a given goal priority 

structure and resource and goal constraint structure. 

Objective Function 

One of the primary concerns of management is that of 

balancing costs and benefits. Management desires to commit 

resources in such a manner as to achieve the optimal return 

possible. In the area of safety and health this return is 

measured in terms of how well it satisfies management's 

obligations to OSHA, to employees, and to ownership. 
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Management must comply with OSHA regulations, provide a safe 

work environment, and hold overall cost as low as possible. 

These basic obligations can be reduced to a specific set of 

management objectives or goals. Since there is a legal 

requirement to comply with the OSHA regulations, management 

can establish a goal relating to the achievement of such 

compliance. A minimal goal might be the 100 per cent compli-

ance with the laws. Goals to significantly reduce the 

accident frequency rate and accident cost per worker would 

serve both the employees and ownership. Goals in these 

areas appear to be appropriate since two of the primary 

reasons Congress enacted the Act were the excessive personal 

injuries and illnesses arising out of work situations and the 

accompanying high cost to employees, businesses, and the 

country. As a result, frequency rate and accident cost 

are two of the factors considered when OSHA determines the 

priority for inspections in industries and/or business areas.21 

The exact goals to set for accident frequency rate and acci-

dent cost per worker is a situational decision for each 

company. Management's responsibilities to ownership would 

also be served by a goal of achieving compliance with OSHA 

regulations, reducing accident frequency, and reducing acci-

dent cost per worker with as low a total cost as possible. 

21 
Statement by Merle Annis, Department of Labor, Fresno, 

California, March 4, 1976. 
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Once again, the exact goal for total safety and health 

expenditures is a situational decision for each company. 

The goals in the OSHA Model reflect management's desire 

to meet the responsibilities to OSHA, the employees, and to 

ownership. Table IV lists these goals along with one possible 

ranking. Since the OSHA regulations are mandatory, the first 

priority is assigned to achieving 100 per cent compliance to 

the regulations. Although it is possible to go beyond a 

level of 100 per cent compliance, the OSHA Model limits 

compliance to 100 per cent to facilitate achievement of the 

budget goal. If budgetary considerations do not limit the 

availability of money, this restriction can be relaxed to 

permit safety and health expenditures beyond the 100 per cent 

compliance level. However, since in most business environ-

ments safety and health objectives must compete for funds 

with other corporate objectives, the OSHA Model uses total 

compliance with OSHA regulations as an upper boundary for 

compliance in each safety and health category. 

The objective function of a goal programming model seeks 

to minimize the undesired deviation from previously specified 

goals. The right-hand side of the goal and resource con-

straints are the model goals. Based on the priority schedule 

shown in Table IV, the OSHA Model goal programming objective 

function is as follows: 

M 
Minimize Z = Px 21 d][ + P2

d^9 +
 P3di7 + p4di8 
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TABLE IV 

OSHA MODEL GOALS AND PREEMPTIVE 
PRIORITY STRUCTURE 

Priority Level Goal Description 

P^ The employer desires to comply with the 
mandatory OSHA regulations. Highest 
priority is assigned to this goal. 

&2 The employer desires to operate within a 
budget limitation. Second priority is 
assigned to this goal. 

P^ Third priority is assigned to minimizing 
the accident frequency at whatever maxi-
mum compliance level can be achieved. 

P4 The lowest priority is assigned to the 
goal of minimizing the employer's acci-
dent and health costs per worker. 

In the objective function equation, top priority is 

assigned to minimizing the undercompliance with OSHA regula-

tions. Since these regulations are mandatory, management 

should direct its primary attention toward satisfying this 

obligation. Second priority is assigned to operating within 

budget limitations. In effect, this places secondary impor-

tance in satisfying the responsibility to ownership. Third 

priority is assigned to minimizing the accident frequency at 

whatever maximum compliance level can be achieved. This 

priority level represents the responsibility to the workers. 

Last priority is assigned to the goal of minimizing the 

employer's accident cost per worker. The priority level also 

relates to the responsibility to ownership. 
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The priority ranking shown in Table IV is only one of 

many possible rankings. The ordinal ranking of the OSHA 

Model can be rearranged easily to reflect varying manage-

ment safety and health strategies. New safety and health 

goals also may be added to the generalized OSHA Model. 

Data Handling Guidelines 

In order to adequately analyze the safety and health 

data to determine the values of "f^," "a^," and "b^," it is 

necessary to follow an established set of guidelines. These 

guidelines tell how to handle various situations that might 

exist concerning the relationships between accident frequency, 

accident costs, safety and health expenditures, and the 

accompanying safety units. 

Safety category not applicable.—When a particular safety 

category does not apply to a work environment that category can 

be eliminated from the OSHA Model. One such example might be 

the hazardous materials category. If none of the materials cov-

ered in this category of the OSHA regulations are ever present 

in a work environment, this safety category could be omitted 

from the model without affecting the validity of the model. 

Applicable category with no recent accidents.—If the 

safety units level of a category applicable to a work environ-

ment is less than 100 and there were no accidents last year, 

the category may be omitted from the frequency and accident 

cost equations but must be included in the compliance 
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category and budget equations. If the safety unit level of 

such a category is 100, then the category may be omitted from 

the entire model. 

Positive slope of regression line.—Since the typical 

time span included in the regression line for each "f^H and 

"a^1 in this study value is only three years, it is possible 

that the line could have a positive slope even though the 

longer-term trend is downward. This positive slope indicates 

that the associated accident frequency or accident cost 

increases as the safety units increase in a category. Based 

on safety and health experience, this is not a valid con-

elusion. * In such a situation it would be necessary to 

obtain additional data on safety and health experiences for 

the years prior to 1973 and include it in the regression 

analysis. If hard data is not available for the extended 

time period, estimates must be made so that a more accurate 

value for "f " or "ai" may be obtained. 

Projected negative accident frequency or accident cost 

per worker.—Since the typical time span included in the 

regression line for each "fi" and "a^' value in this study is 

only three years, it is possible that the line could inter-

sect the safety units axis prior to the 100 per cent level. 

This would indicate that the accident frequency or accident 

22 
Such a conclusion would go against all generally 

accepted industrial safety and health principles and the 
rational behind the enactment of the legislation by Congress. 
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cost per worker value could be negative for that safety and 

health category. In effect, this means that the accident 

frequency or accident cost per worker in a category could be 

reduced by an amount that exceeds the actual existing level 

in that category. Since this condition is not possible, it 

is necessary to obtain additional data on safety and health 

experiences for the years prior to 1973 and include it in the 

regression analysis. If hard data is not available for this 

extended period, estimates must be made so that a more 

accurate value for "fi" and "a-j/
1 may be obtained. 



CHAPTER IV 

EMPIRICAL APPLICATION 

The purpose of this chapter is to present, through an 

empirical application, the necessary programming input data 

so that the capabilities of the OSHA Model developed in the 

preceding chapter may be demonstrated and evaluated.-1-

Initially, the optimum behavior of the model company as 

deduced from the goal programming model using the goal 

priority structure shown in Table IV will be evaluated and 

analyzed. The suitability of this base safety and health 

strategy is revealed when a comparison is made between the 

value of the exogenous goal variables and the optimum results 

of the OSHA Model. 

Effects on model behavior generated individually by each 

of three major variations in the base model are discussed 

after the base safety and health strategy results are ana-

lyzed. The three model variations include changes in 1) the 

goal priority structure in the objective function, 2) values 

of the right-hand side of the goal and resource constraint 

equations, and 3) values of the safety and health category 

1The goal programming computer program used with the OSHA 
Model is presented in Appendix B. This program is a slightly 
modified version of the goal programming program developed at 
the Virginia Polytechnical Institute by Dr. Sang M. Lee and 
associates. The program was executed on a CDC 3150 computer. 

60 
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coefficients in the accident frequency, accident cost, and 

budget constraint equations. This postoptimality or sensi-

tivity analysis is conducted because management should not 

only be interested in determining an optimal basic safety and 

health policy, but also in what structural changes take place 

in that basic optimal solution when changes are made to the 

model's parameters and/or its underlying assumptions.^ Also, 

from a practical perspective, judicious applications of 

sensitivity analysis can help compensate for the goal pro-

gramming model's assumed certainty regarding values for the 

exogenous variables in the goal and resource constraint 

3 

equations. Such nonmechanistic use of the OSHA Model may 

provide great insight into the relationships existing in the 

safety compliance decision system. 

General Description of Subject Company 

The company chosen for the empirical application of the 

OSHA Model is a wholesale and retail business specializing 

in custom glass products for business or home use, and glass 

and other custom accessories for automotive vehicles. The 

company provides custom fabrication of such business or home 

products as windows, glass doors, mirrors, shower doors, tub 

enclosures, and decorative glass partitions. The company 

2 
A. J. Alwan and D. G. Parisi, Quantitative Methods for 

Decision Making (Morristown, New Jersey, 1974), p. 362. 
3 
Kalman J. Cohen and Stan Thore, "Programming Bank 

Portfolios Under Uncertainty," Journal of Bank Research 
(Spring, 1970), p. 43. 
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also sells and installs all types of custom automotive glass 

products, radio equipment, side protective mouldings, landau 

tops, and sun roofs. The company not only provides these 

products and services at its business location, but also 

maintains a fleet of six trucks for delivery and mobile 

installation purposes. 

The subject company occupies an 8,000 square foot build-

ing which is partitioned to separate the business and home 

glass product activities from the automotive product acti-

vities. Each side of the facility contains light fabrication 

equipment, product storage racks, and sales offices for their 

respective product activities. The automotive product area 

has service spaces for five vehicles. 

During the past five years the subject company has 

steadily increased its business to the point where it now has 

twenty-one employees and a monthly gross of $50,000 to 

$60,000. The number of employees for 1973, 1974, and 1975 

was ten, fourteen, and twenty, respectively. During this 

period of growth, only minor attention has been directed 

toward providing adequate safety and health conditions in the 

work environment. As a result, the company experienced an 

accident frequency rate of 32.41 during 1975 and an accident 

cost per employee of $59.25 for the same year. During 1975, 

accidents occurred in safety and health categories X , x4, 

x6' x9' and x12. Management feels that both the accident 
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frequency and accident cost per worker is excessive and 

desires to reduce both values if possible. 

Presentation of Data 

The purpose of this section is to present the safety and 

health data which was collected from the recent operations of 

the subject company and used as input to the OSHA Model. This 

data was obtained through 1) examination of company records 

for the past three years, 2) personal interviews with company 

employees, and 3) inspection of company facilities. 

Category Status and Goal Data 

The safety and health categories which are applicable to 

the subject company and, therefore, included in the OSHA 

Model, are presented in Table V. All of the categories 

omitted from the model in this empirical application are 

omitted because none of the requirements in those categories 

are applicable under existing operations in the subject 

company. A detailed inspection of the work facilities pro-

vided data on the current level of safety units in each 

category and the required increase in safety units necessary 

to bring the compliance level up to 100 per cent. Both of 

these values are also presented in Table V. 

Accident Frequency Data 

The relationships for the past three years between the 

accident frequency and the safety units for safety categories 
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xlt x4, Xg, and x 1 2
 a r e presented in Figures 1, 2, 3, and 5, 

respectively. It was necessary to obtain data for the past 

four years for category xg in order to avoid a projected 

negative accident frequency. Figure 4 presents the relation-

ship for this category. 

TABLE V 

SAFETY AND HEALTH CATEGORY STATUS 

Safety 
Category 

Current Safety 
Unit Level 

Safety Unit 
Increase Goal (N^) 

X1 85 15 

x2 90 10 

x4 95 5 

x6 9° 10 

x7 84 16 

x8 67 33 

x9 95 5 

x10 67 33 

X11 80 20 

x12 70 30 

x13 93 7 

x16 96 4 
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0 10 20 30 
x-l Safety Units 

Fig. 1—Relationship between accident frequency and 
safety units in safety category x-̂ . 

100 

Safety Units 

Fig. 2 Relationship between accident frequency and 
safety units in safety category x^. 



66 

10 20 30 40 
X6 Safety Units 

50 60 70 80 90 100 

Fig. 3 Relationship between accident frequency and 
safety units in safety category Xg. 

0 10 20 30 40 50 60 70 80 90 100 
Xg Safety Units 

Fig* 4 Relationship between accident frequency and 
safety units in safety category Xg. 
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0 10 20 30 40 50 60 70 80 90 100 

Safety Units 

Fig. 5 Relationship between accident frequency and 
safety units in safety category x-ĵ . 

The data on the relationships between the accident frequency 

and the safety units for each category is summarized on a 

yearly basis in Table VI. The "fj_" value for each of the 

safety and health categories is the slope of the regression 

line for each of the categories. These values are also 

presented in Table VI. 

Accident Cost Per Worker Data 

The relationships for the past three years between 

the accident cost per worker and the safety units for safety 

categories x-̂ , x^, Xg, and x^2 are presented in Figures 6, 

7, 8, and 10, respectively. It was necessary to obtain 

data for the past four years for category x9 in order to 

avoid a projected negative accident cost per worker. 
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ACCIDENT FREQUENCY 

68 

Safety 
Cate-

Safety Units Accident Frequency 

gory 72 73 74 75 72 73 7 4 75 fi 

X1 • • 30 65 85 • • 27.780 13.228 9.259 -0.35 

x4 • • 60 80 95 • • 9.259 6.614 4.630 -0.13 

x6 • • 40 80 90 • • 18.519 6.614 4.630 

00 
C
M
 • 

0
 1 

x9 10 10 80 95 

O
 • 

o
 27.780 

o
 • 

o
 4.630 1 o

 
• h-»

 

x12 • • 30 40 70 • • 18.519 13.228 9.259 -0.21 

Total • • • • 101.857 44.684 32.410 • • 

10 20 30 

Xj Safety Units 
100 

Fig. 6 Relationship between accident cost per worker 
and safety units in safety category x^. 
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0 10 20 30 40 
Safety Units 

Fig. 7—Relationship between accident cost per worker 
and safety units in safety category . 

0 10 20 30 40 50 60 70 80 90 100 
Xg Safety Units 

Fig. 8—Relationship between accident cost per worker and 
safety units in safety category xg. 
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0 10 20 30 40 
xg Safety Units 

50 60 70 80 90 100 

Fig. 9—Relationship between accident cost per worker 
and safety units in safety category Xg. 

* 20 

0 10 20 30 40 
x^2 Safety Units 

Fig. 10—Relationship between accident cost per worker 
and safety units in safety category x^2• 
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Figure 9 presents the relationship for this category. The 

data on the relationships between the accident cost per worker 

and the safety units for each category is summarized on a 

yearly basis in Table VII. The "a^' value for each of the 

safety and health categories is the slope of the regression 

TABLE VII 

ACCIDENT COST PER WORKER 

Safety 
Cate-

Safety Units Accident Cost/Worker* 

gory 72 73 74 75 72 73 74 75 
a ± 

X1 • • 30 6 5 85 • • 25.00 11.79 18.50 -0.15 

x4 • • 60 80 95 • • 12.50 8.57 5.25 -0.21 

*6 • • 40 80 90 • • 26.50 8.21 5.50 -0.43 

x9 10 10 80 95 0.0 124.00 0.0 17.50 -0.65 

x12 • • 30 40 70 • • 23.00 8.57 12.50 -0.17 

Total • • • • 211.00 37.14 59.25 • • 

*Dollars per employee 

line for each of the categories. These values are also 

presented in Table VII. 

Expected Cost and Budget Constraint 
Coefficient Data 

Company personnel conducted an engineering cost analysis 

to determine the cost to increase the safety units in each 
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category to 100. The results of this analysis is presented 

in Table VIII. The mean expected cost for each additional 

TABLE VIII 

EXPECTED SAFETY AND HEALTH 
IMPROVEMENT COSTS 

Safety 
Category 

Required Safety 
Unit Increase 

Total 
Expected Cost bi 

X1 15 $ 470 31.33 

x2 10 300 30.00 

x4 5 250 50.00 

x6 10 20 2.00 

x7 16 225 14.06 

x8 33 20 0.61 

x9 5 110 22.00 

x10 33 35 1.06 

X11 20 80 4.00 

x12 30 80 2.67 

x13 7 185 26.43 

x16 4 405 101.25 

Total • • $2,180 • • 

safety unit in each category is the budget constraint coef-

ficient for that category. This "bi" value for each category 

is also presented in Table VIII. 
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Constraint Current Values and Goals 

Company personnel conducted an engineering cost analysis 

to determine the cost to maintain the present level of over-

all compliance in all the safety categories. It was deter-

mined that $1,660 would be required to accomplish this. 

Management of the subject company set as goals for 

accident frequency rate, accident cost per worker, and 

maximum safety and health expenditures the values of 15.00, 

$30.00, and $3,500, respectively. These subjective decisions 

were made by management after a review of current and past 

safety and health activities within the company. Management 

decided to set goals of an approximate 50 per cent reduction 

in the accident frequency rate and accident cost per worker. 

Management reviewed the expenditure required to maintain 

current compliance levels and decided to attempt to achieve 

all the safety objectives within a budgeted amount slightly 

over twice the amount necessary to maintain present conditions, 

All the current and goal values for these constraint areas 

are summarized in Table IX. The variables representing these 

values are also presented in Table IX. 

Goal Priority Structure 

The management of the subject company established a 

goal priority structure similar to the structure previously 

presented in Table IV. The only change to this ordinal 

ranking of objectives desired by management is the decom-

position or subdivision of the first preemptive priority level. 
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TABLE IX 

CURRENT AND GOAL CONSTRAINT VALUES 

Current Goal 

Constraint Variable Value Variable Value 

Frequency Rate F 32.41 J 15 

Accident Cost A* $ 59.25 Q $ 30 

Budget 
* * 

B $1,660.00 R $3,500 

*Current visible accident and illness cost per worker. 

**Amount required to maintain the present level of over-
all compliance. 

Since there were five safety and health categories in which 

there were accidents during 1975, management desires to 

achieve compliance in these categories before directing 

attention to the other categories. Management feels that 

such a strategy would achieve the most impact on reducing the 

overall accident frequency rate and accident cost per worker. 

This desired emphasis on the five categories is achieved by 

assigning a higher weight on those categories than the other 

categories within the same priority level. 

Company management selected total safety category com-

pliance as the top priority objective because this level of 

compliance is required by law. The budget objective was 

placed in the second priority position because the present 

financial condition of the company requires fiscal restraint 
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wherever possible. Reduction of the frequency rate was 

selected as the third priority objective in an attempt to 

respond to the needs of the employees. The needs of the 

employees and ownership are both served by the fourth objec-

tive of reducing the accident cost per worker. 

Base Model Formulation 

All data necessary for the formulation of the base OSHA 

Model is now available. The following subsections of this 

chapter show the base OSHA Model resulting from the input of 

the subject company's safety and health data to the general-

ized OSHA Model. 

Compliance category equations.—The safety unit increase 

goal (NjJ for each safety and health category presented in 

Table V is the primary input to these goal constraint equa-

tions. Table X presents the resulting equations for each 

of the safety and health categories. 

Since the deviational variables (d̂ ) are assigned 

sequentially to the safety categories that appear in any 

given model application, the subscripts for the deviational 

variables will not necessarily agree with the subscript 

numbers presented in the generalized OSHA Model. This is 

evident in Table X. 

Accident frequency equation.—The current accident 

frequency value (F) along with "fj_" values for the five 

safety and health categories appropriate for the frequency 
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equation and the accident frequency goal value (J) are inputs 

to the generalized accident frequency equation. 

TABLE X 

COMPLIANCE CATEGORY EQUATIONS 

Category Category Equation* 

xi x1 + dj = 15 

x2 *2 + d2 =10 

x4 x4 + dj = 5 

x6 x6 + dj = 10 

x7 Xy + d^ =16 

x8 x8 + d6 = 3 3 

x9 x9 + dy = 5 

x10 x10 + dI =33 

X11 X H + dg =20 

X12 x 1 2 + d"Q = 30 

x13 x13 + ^11 = 7 

X16 x16 + d12 = 4 

*Deviational variables (d^) are assigned sequentially to 
the safety categories that appear in any given model appli-
cation . 

The values were presented in Table VI and Table IX. Using 

this data, the following goal constraint is formulated: 

32.41 .35x^ - . 13X4 — . 28xg — ,14xg — .21x^2 

d13 " d13 = 1 5 

When the current accident frequency value (F) is transposed 
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to the right-hand side of the equation and all signs are 

changed to facilitate the mathematical handling of the 

equation the goal of this goal constraint equation then 

is to reduce the accident frequency rate by 17.41. 

Accident cost per worker equation.—The current accident 

cost per worker value (A) along with "a^" values for the five 

safety and health categories appropriate for the accident 

cost equation and the accident cost per worker goal value (Q) 

are inputs to the generalized accident cost per worker 

equation. These values were presented in Table VII and 

Table IX. Using this data, the following goal constraint 

is formulated: 

59.25 - .15X*L - .21x^ - .43Xg - . 65Xg - .17x^2 + 

d14 ~ d14 = 3 0 

When the current accident cost per worker value (A) is 

transposed to the right-hand side of the equation and all 

signs are changed to facilitate the mathematical handling 

of the equation, the goal of this goal constraint equation 

then is to reduce the accident cost per worker by $29.25. 

Budget equation.—The expenditure required to maintain 

the present level of overall compliance value (B) along with 

"b^" values for the twelve safety and health categories 

appropriate for the budget equation and the budget goal value 

(R) are inputs to the generalized budget equation. These 

values were presented in Table VIII and Table IX. Using 
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this data, the following resource constraint is formulated: 

1660 + 31.33X-L + 30X2 + 50X3+2X4 + 14.06x5 + . 61xg + 

22X7 + 1.06x8 + 4X9 + 2.67x10 + 26.43Xi:l + 101.25x12 + 

d^g - djg = 3500 

When the expenditure required to maintain the present 

level of overall compliance value (B) is transposed to the 

right-hand side of the equation, the goal of this resource 

constraint equation then is to limit total expenditures to 

a maximum of $1,840. 

Objective function equation.—The objective function of 

a goal programming model seeks to minimize the undesired 

deviation from the specified goals. Based on the priority 

schedule established by the subject company's management, the 

following objective equation is formulated: 

Minimize Z = 2P-,d~ + 2P-,d3 + 2 ? ^ + 2 ? ^ + 2P-,d̂ 0 + 

Pld2 + Pld5 + pld6 + Pld8 + pl^i + P]dh + PxdJ2 + P2d+5 + 

P3dl3 + P4d14 

Since the accident frequency and accident cost per worker 

equations are actually attempting to achieve reductions of 

17.41 and $29.25, respectively, the objective function 

equation will attempt to minimize the underachievement of 

these objectives. This requires that "d£3" and "dj4" appear 

in the equation instead of "d^3" and "dj4." 
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Base Model Optimum Solution 

The results of running the base model formulated in the 

previous section of this chapter are presented in the base 

optimum value column of Table XI. 

TABLE XI 

BASE MODEL OPTIMAL SOLUTION 

Goal 
Variable 

Base Goal 
Value 

Base 
Optimum 
Value 

Amount of 
Goal Under-
Achievement 

X1 15 15 0 

x2 10 10 0 

x4 5 5 0 

x6 10 10 0 

x7 16 16 0 

x8 33 33 0 

x9 5 5 0 

x10 33 33 0 

X11 20 20 0 

x12 30 30 0 

x13 7 7 0 

x16 4 4 0 

Budget $3,500.00 $3,840.13 $340.13 

Frequency 15 16.71 1.71 

Cost $30.00 $43.30 $13.30 
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These values were determined by the OSHA Model to be the 

optimal possible solution values given the safety and health 

relationships and exogenous variable values as determined by 

the empirical study. 

When the base optimum values are compared to the base 

goal values as specified by management, the suitability of 

the base safety and health strategy can be evaluated. As 

presented in Table XI, the OSHA Model indicates that all the 

safety and health category safety unit goals can be achieved. 

This is a reasonable conclusion since these goals had top 

priority. 

The objective of achieving all the other goals within a 

total safety and health budget of $3,500 received second 

priority ranking. According to the OSHA Model, the optimum 

value for the budget goal is $3,840.13. This represents a 

$340.13 underachievement of the priority two (P2) goal. 

The objective of reducing the accident frequency for the 

company to fifteen received third priority ranking. Accord-

ing to the OSHA Model, the optimum value for the frequency 

goal is 16.71. This represents an underachievement of the 

goal of 1.71. Since all the category safety units were 

increased the maximum possible amount, the OSHA Model indi-

cates that the minimum possible accident frequency is 16.71. 

If it were possible to achieve a level of safety units in 

excess of 100, it might be possible to further reduce the 

accident frequency. 
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The objective of reducing the accident cost per worker 

to $30.00 received fourth priority ranking. According to the 

OSHA Model, the optimum value for the accident cost per 

worker is $43.30. This represents an underachievement of the 

goal of $13.30. Since all the category safety units were 

increased the maximum possible amount, the OSHA Model indi-

cates that the minimum possible accident cost per worker is 

$43.30. If it were possible to achieve a level of safety 

units in excess of 100, it might be possible to further reduce 

the accident cost per worker. 

In summary, the OSHA Model indicates that with the stated 

safety and health strategy the company can achieve total 

compliance in all the categories but the necessary expendi-

tures will exceed the budgeted amount by $340.13. The OSHA 

Model also indicates that when all the safety units are 

increased to 100 per cent the resulting accident rate will be 

16.71, while the accident cost per worker will be $43.30. 

Although it is indicated that the top priority goal of total 

compliance with OSHA regulations can be achieved in total, 

the remaining goals involving accident frequency, accident 

cost per worker, and budgetary restrictions can only be 

partially achieved. However, the OSHA Model does indicate 

that substantial progress can be made in each of these areas. 

Sensitivity Analysis 

The results of the base model shows the extent to which 

the firm's safety and health objectives are achieved by 
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management's base safety and health strategy. However, 

management may have some justifiable uneasiness as to whether 

the optimal solution indicated by the OSHA Model is in prac-

ticality the best one. Also, management may wish to identify 

those coefficients or constants which, if changed, would 

affect the optimal solution. To provide insight into these 

particular areas, an extensive sensitivity analysis is con-

ducted on the base OSHA Model. This sensitivity analysis is 

used to indicate the conditions in which a change in the 

model's parameters may cause change in the model's optimal 

solution. In effect, uncertainties concerning exact func-

tional relationships in the safety and health environment 

are taken into account by not applying the OSHA Model in a 

mechanistic manner. A number of plausible alternative 

variables coefficients, goal values, and priority rankings 

are provided as inputs, and successive runs of the model 

indicate the optimal results under each of these assumed 

functional relationships. 

The sensitivity analysis of the OSHA Model is conducted 

by systematically making variations in three areas of the 

model. The three areas of variation include changes in 1) 

the goal priority structure in the objective function, 2) 

values of the right-hand side of the goal and resource con-

straint equations, and 3) values of the safety and health 

category coefficients in the accident frequency, accident 

cost, and budget constraint equations. The remainder of this 
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chapter will describe the sensitivity analysis changes made 

and the results of these changes. 

Effect of Changing Goal Priority Structure 

The goal priority structure established in the empirical 

application of the OSHA Model had safety category compliance 

as the top priority objective, operation of all safety and 

health activities within a budgetary constraint as the 

second priority objective, accident frequency reduction as 

the third priority objective, and accident cost per worker 

reduction as the fourth priority objective. The exact 

ordinal ranking of these priorities is a subjective decision 

to a great extent. Depending on the exact preferences of 

management, these objectives could have been rearranged in 

a number of ways. The extent to which the optimal solution 

of the model changes in response to changes in the ordinal 

ranking of the priorities could be very revealing to manage-

ment as to what to expect if a different ordinal priority 

ranking is preferred over the one used in the base model. 

Since there are four priority levels (objectives) in the 

OSHA Model, there is a total of twenty—four (four factorial) 

possible variations in their ordinal rankings. Each of these 

possible rankings will be examined to determine how each 

impacts the optimal solution. If each objective is numbered 

according to how it is ranked in Table IV, each of the twenty-

four possible ranked combinations can be identified by a 
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four-digit number with each digit representing its respective 

objective and the position of the digit within the four-

digit number representing the objective's position in each 

priority structure. As an example, the four-digit number 

1234 would represent the priority ranking as presented in 

Table IV. The four-digit number 1243 would have the priority 

ranking adjusted so that the accident cost per worker objec-

tive would have the third priority position and the accident 

frequency objective would have the fourth priority position. 

When each of the objectives is in the first priority position, 

there are six priority structures possible through various 

rearrangements of the other three objectives. The follow-

ing chapter subsections provide the results obtained from 

all these possible priority structure combinations. 

Category compliance as top priority.—The optimal 

results for each of the six priority structures possible 

under this condition are presented in Table XII. As 

presented in this table, the various combinations of the 

priority structure in the OSHA Model has no effect on 

the resulting optimal values in the model. This would 

indicate that, based on the existing safety and health 

relationships in the subject company, the optimal solu-

tion is not sensitive to variations in the priority 

structure as long as category compliance had the first 

position. 
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Budget goal as top priority.—The optimal results for 

each of the priority structures possible under this condition 

are presented in Table XIII. 

TABLE XIII 

EFFECT OF PRIORITY VARIATIONS ON GOAL ACHIEVEMENT 
WHEN THE BUDGET GOAL HAS TOP PRIORITY3 

Priority Structure13 

Priority Factor 2134 2143 2314 2341 2413 2431 

Category Compliance 3.36c 3.36° 3.36c 3.36c 3.36c 3.36' 

Budget^ 0 0 0 0 0 0 

Accident Frequency 16.71 16.71 16.71 16.71 16.71 16.71 

Accident Cost^ 43.30 43.30 43.30 43.30 43.30 43.30 

aValues are optimal values for the given priority 
structure. Category compliance values represent the amount 
of underachievement of one or more category goals. 

^Sequential order in which the goals are optimized. 

One (1) represents category compliance goals. 
Two (2) represents the budget goal. 
Three (3) represents the accident frequency goal. 
Four (4) represents the accident cost goal. 

°The electrical category goal of a 4 per cent increase 
was underachieved by 3.36 percentage points. 

^In dollars. 

As shown in this table, all the possible priority structures 

have the same optimal results as long as the budget object 

has the first priority position. In each situation the 

budget objective is achieved, but at the expense of the 
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category compliance objective. Specifically, the electrical 

category goal is underachieved by 3.36 percentage points. 

This particular safety category goal is underachieved 

because there were no accidents in the category during 1975 

and because this category goal is the last one the OSHA 

Model attempts to achieve within the overall category com-

pliance priority level. The optimal values for accident 

frequency and accident cost per worker remain unchanged in 

each of the priority structures. 

Accident frequency as top priority.—The optimal results 

for each of the priority structures possible under this 

condition are presented in Table XIV. Examination of this 

table reveals that when the accident frequency objective has 

the first priority position, the optimal OSHA Model results 

are not changed as long as the category compliance objective 

has a higher priority than the budget objective. Whenever 

the budget objective has a higher priority ranking than the 

category compliance objective, the budget objective is 

achieved and the category compliance objective is not 

totally achieved. Once again the underachievement is in 

the electrical safety category. The optimal accident 

frequency and accident cost per worker values remain 

unchanged throughout all priority structure variations. 

This is because these values have already been reduced the 

maximum amounts based on the maximum safety unit increases 

possible in all the safety and health compliance categories. 
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TABLE XIV 

EFFECT OF PRIORITY VARIATIONS ON GOAL ACHIEVEMENT 
WHEN ACCIDENT FREQUENCY HAS TOP PRIORITY 

Priority 
Factor 

Priority Structure*5 Priority 
Factor 3124 3142 3214 3241 3412 3421 

Category 
Compliance 0 0 3.36° 3.36c 0 3.36c 

Budgetd 3,840.13 3,840.13 0 0 3,840.13 0 

Accident 
Frequency 16.71 16.71 16.71 16.71 16.71 16.71 

Accident 
Cost^ 43.30 43.30 43.30 43.30 43.30 43.30 

aValues are optimal values for the given priority 
structure. Category compliance values represent the amount 
of underachievement of one or more category goals. 

Sequential order in which the goals are optimized. 

One (1) represents category compliance goals. 
Two (2) represents the budget goal. 
Three (3) represents the accident frequency goal. 
Four (4) represents the accident cost goal. 

Q 
The electrical category goal of a 4 per cent increase 

was underachieved by 3.36 percentage points. 

In dollars. 

Accident cost per worker as top priority.—The optimal 

results for each of the priority structures possible under 

this condition are presented in Table XV. Examination of this 

table reveals that the optimal results when the accident cost 

per worker objective has first priority are the same as when 

the accident frequency objective had first priority. 
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TABLE XV 

EFFECT OF PRIORITY VARIATIONS ON GOAL ACHIEVEMENT 
WHEN ACCIDENT COST PER WORKER HAS TOP PRIORITY51 

Priority 
Factor 

Priority Structure*3 Priority 
Factor 4123 4132 4213 4231 4312 4321 

Category 
Compliance 0 0 3.36C 3.36c 0 3.36' 

Budget^ 3,840.13 3,840.13 0 0 3,840.13 0 

Accident 
Frequency 16.71 16.71 16.71 16.71 16.71 16.71 

Accident 
Costd 43.30 43.30 43.30 43.30 43.30 43.30 

Values are optimal values for the given priority struc-
ture. Category compliance values represent the amount of 
underachievement of one or more category goals. 

^Sequential order in which the goals are optimized. 

One (1) represents category compliance goals. 
Two (2) represents the budget goal. 
Three (3) represents the accident frequency goal. 
Four (4) represents the accident cost goal. 

cThe electrical category goal of a 4 per cent increase 
was underachieved by 3.36 percentage points. 

^In dollars. 

Effect of Changing Model Goal Values 

The empirical application of the OSHA Model has a 

specific set of goals for each of the priority factors or 

objective. These goal values were determined through an 

analysis to determine the necessary safety unit increase 
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required to achieve 100 per cent safety compliance with OSHA 

regulations and through a safety strategy decision process 

yielding specific target values for a maximum accident fre-

quency rate, a maximum accident cost per worker, and a 

maximum desired total safety and health budget. In order 

to determine the impact upon the base optimal solution by 

variations in each of these goal values, a sensitivity 

analysis was conducted on each of these values. In the 

sensitivity analysis each goal value was changed by plus 

and minus 10 per cent, 25 per cent, and 50 per cent in 

order to demonstrate the sensitivity of the base solution 

to a broad range of modified values. 

Safety unit increase goal values (N-;) .—Each of the 

modified values used for the safety unit increase goals 

(Nĵ ) are presented in Table XVI. Each of the seventy-

two values was individually input to the OSHA Model to 

determine what changes would take place in the base optimal 

solution. The resulting seventy-two new optimal solutions 

are presented in Table XVII. The percentage change in 

the optimal values for each of the objectives in the 

new solutions from the base optimal solution is presented 

in Table XVIII. In the categories in which no accidents 

occurred during 1975 (categories x2, x7, x8, x10, xllf x13, 

and x^6) the only changes resulting from variations in the 

safety unit increase goal values were with the budget objec-

tive optimal value. 
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SAFETY CATEGORY GOAL SENSITIVITY 
ANALYSIS VALUES 
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Safety 
Category 

Safety Category Goals Safety 
Category N± Value -50* -25* -10* +10* 

* 
+25 

Jc 
+50 

1 15 7.50 11.25 13.50 16.50 18.75 22.50 

2 10 5.00 7.50 9.00 11.00 12.25 15.00 

4 5 2.50 3.75 4.50 5.50 6.25 7.50 

6 10 5.00 7.50 9.00 11.00 12.25 15.00 

7 16 8.00 12.00 14.40 17.60 20.00 24.00 

8 33 16.50 24.75 29.70 36.30 41.25 49.50 

9 5 2.50 3.75 4.50 5.50 6.25 7.50 

10 33 16.50 24.75 29.70 36.30 41.25 49.50 

11 20 10.00 15.00 18.00 22.00 25.00 30.00 

12 30 15.00 22.50 27.00 33.00 37.50 45.00 

13 7 3.50 5.25 6.30 7.70 8.75 10.50 

16 4 2.00 3.00 3.60 4.40 5.00 6.00 

Per cent change to "Ni" value. 
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TABLE XVIII 

PER CENT PRIORITY FACTOR CHANGE CAUSED BY VARIATIONS 
IN SAFETY UNIT INCREASE GOALS* 

Safety 
Category 

Priority 
Factor 

Priority Factor Per Cent Change Safety 
Category 

Priority 
Factor 150** +25** ho** 

1*** Compliance 
Budget 
Frequency 
Cost 

0 
6.12 
15.74 
2.61 

0 
3.05 
7.84 
1.29 

0 
1.22 
3.17 
.53 

2 Compliance 
Budget 
Frequency 
Cost 

0 
3.91 
0 
0 

0 
1.95 
0 
0 

0 
.78 

0 
0 

4*** Compliance 
Budget 
Frequency 
Cost 

0 
3.25 
1.97 
1.22 

0 
1.61 
.96 
.60 

0 
.65 
.42 
.25 

6*** Compliance 
Budget 
Frequency 
Cost 

0 
.26 

8.38 
4.97 

0 
.13 

4.19 
2.49 

0 
.05 

1.68 
.99 

7 Compliance 
Budget 
Frequency 
Cost 

0 
2.79 
0 
0 

0 
1.30 
0 
0 

0 
.57 

0 
0 

8 Compliance 
Budget 
Frequency 
Cost 

0 
.26 

0 
0 

0 
.13 

0 
0 

0 
.05 

0 
0 

9*** Compliance 
Budget 
Frequency 
Cost 

0 
1.43 
2.09 
3.76 

0 
.70 

1.08 
1.87 

0 
.29 
.48 
.76 

10 Compliance 
Budget 
Frequency 
Cost 

0 
.44 

0 
0 

0 
.21 

0 
0 

0 
.08 

0 
0 
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TABLE XVIII Continued 

Safety 
Category 

Priority 
Factor 

Priority Factor Per Cent Change Safety 
Category 

Priority 
Factor ±50** ±25** ±10** 

11 Compliance 
Budget 
Frequency 
Cost 

0 
1.04 
0 
0 

0 
.52 

0 
0 

0 
.21 

0 
0 

12*** Compliance 
Budget 
Frequency 
Cost 

0 
1.04 

18.85 
5.89 

0 
.52 

9.46 
2.96 

0 
.21 

3.77 
1.18 

13 Compliance 
Budget 
Frequency 
Cost 

0 
2.40 
0 
0 

0 
1.20 
0 
0 

0 
.47 

0 
0 

16 Compliance 
Budget 
Frequency 
Cost 

0 
5.26 
0 
0 

0 
2.63 
0 
0 

0 
1.04 
0 
0 

^ — „ v-xiuû c uw l.iic uiiurity ractor 
values. 2 

^ **A11 changes are plus and minus from the base model 
optimal solution values. 

***Accidents occurred in these categories during 1975. 

Based on an examination of this table, it appears that the 

extent of the changes in the budget optimal values depends 

upon how much the safety unit goal increases and how large 

the mean cost is which is required to achieve each additional 

safety unit. Based on the safety and health data in the 

subject company, it appears that in this application the OSHA 

Model is relatively insensitive to changes in the safety unit 
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increase goals. It appears this way since variations in the 

goal values of up to 50 per cent result in relatively small 

changes in the optimal values in only the budget objective 

area. 

Variations in the safety unit increase goal values 

resulted in changes in the optimal budget, frequency rate, 

and accident cost per worker values in the safety categories 

in which accidents occurred during 1975. The largest impact 

kY the changes occurred to the frequency rate and accident 

cost per work optimal values. In a few categories, this 

change could be considered significant since a goal change 

of 50 per cent resulted in optimal solution value changes in 

excess of 15 per cent. In the case of categories x^ and x^, 

a 50 per cent increase in the safety unit increase goals 

could enable the subject company to exceed the management 

goal of reducing the accident frequency rate to 15.00. 

Smaller changes in the safety unit goal values resulted in 

proportional smaller optimal value changes. These overall 

results are reasonable since each additional safety unit is 

assumed to reduce the accident frequency rate and accident 

cost per worker by an equal amount. If the safety unit 

increase goal is larger, the accident rate and accident cost 

will be decreased more. On the other hand, if the safety 

unit increase goal is smaller, the accident rate and accident 

cost will not be decreased as much as before. In almost all 

instances, the impact to the budget optimal value was 
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relatively small. In only two instances did a 50 per cent 

change in safety unit increase goals result in a budget 

optimal value change in excess of 1.43 per cent. These were 

in safety categories Xj and x^ where the resulting change was 

6.12 per cent and 3.25 per cent, respectively. Based on the 

safety and health data in the subject company, it appears that 

in this application the OSHA Model is somewhat sensitive, in 

terms of accident frequency and accident cost, to safety unit 

increase goal variations in the safety categories in which 

accidents occurred the previous year. 

Budget, frequency rate, and accident cost goal values.— 

When sensitivity analysis is applied to these values, there 

is a direct impact on the optimal solution values. Each 

unit change in any of these values results in an equal change 

in the indicated optimal value. When the budget goal is 

increased by $200, the amount of underachievement decreases 

by $200. If the budget goal is decreased by $200, the amount 

of underachievement increases by $200. This same relation-

ship exists with changes to the accident frequency and 

accident cost goals. When the goal is raised to permit a 

higher accident frequency rate or accident cost, the amount 

of underachievement decreases an equal amount. The lowering 

of either of these values results in an equal increase in 

underachievement of the goals. If any one of the three goals 

is increased to an amount larger than the base optimal 
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solution values, there will be a proportional overachievement 

of the goal. Since there is a one-to-one relationship 

between changes to any one of these three goal values and 

the resulting change to the optimal solution, the OSHA 

Model appears to be very sensitive to variations to these 

three goal values. Since the exact size of the desired 

decrease in the accident frequency and accident cost values 

so directly determine how close the goals can be achieved, 

this high degree of sensitivity is to be expected. The same 

principle applies to the budget objective. 

Effect of Changing Coefficient Values 

An analysis of the safety and health relationships 

existing in the subject company provided the necessary data 

required for the development of the variable coefficients 

for the accident rate, accident cost per worker, and budget 

constraint equations. In order to determine the impact upon 

the base optimal solution by variations in each of these 

coefficient values, a sensitivity analysis, using a broad 

range of values, was conducted on each of these coefficients. 

The per cent change and exact coefficient values used in the 

sensitivity analysis of the accident frequency "f^" values, 

accident cost "a^1 values, and the budget "bĵ " values are 

presented in Table XIX, Table XX, and Table XXI, respectively. 

^Plus and minus changes of 100 per cent were included in 
the "fĵ " and "ai" analyses to evaluate the impact that a null 
relationship (minus 100 per cent) in each category would have 
on the optimal solution. A null relationship would result in 
a zero value for "fi" or "ai." 
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TABLE XIX 

ACCIDENT FREQUENCY SENSITIVITY ANALYSIS VALUES 

S
a
f
e
t
y
 
|
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a
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y
 

<D 
3 

CD H 
tn (d > 
GO 

Accident Frequency f I Values 

S
a
f
e
t
y
 
|
 

C
a
t
e
g
o
r
y
 

HH 

•H 
, -100* -50* -25* -10* +10* +25* +50* +100* 

1 .35 0 .175 .263 .315 .385 .438 .525 .700 

4 .13 0 .065 .098 .117 .143 .163 .195 .260 

6 .28 0 .140 .210 .252 .308 .350 .420 .560 

9 .14 0 .070 .105 .126 .154 .175 .210 .280 

12 .21 0 .105 .158 .189 .231 .263 .315 .420 

Per cent change to "fj_" values. 

TABLE XX 

ACCIDENT COST PER WORKER SENSITIVITY ANALYSIS VALUES 

>i M 
•P O 
(U 
m a) 

B
a
s
e
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Accident Cost a^ Values 
-P B

a
s
e
 

V
a
l
u
e
 

CO (0 -H u fd -100* -50* -25* -10* +10* +25* +50* +100* 

1 .15 0 .075 .113 .135 .165 .188 .225 .300 

4 .21 0 .105 .158 .189 .231 .263 .315 .420 

6 .43 0 .215 .323 .387 .473 .538 .645 .860 

9 .65 0 .325 .488 .585 .715 .813 .975 1.300 

12 .17 0 .085 .128 .153 .187 .213 .255 .340 

Per cent change to "a^" values, 
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SAFETY UNIT COST SENSITIVITY ANALYSIS VALUES 
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>1 
>1 u 
•P 0 
(D tn 
4-i CD 
fd -P 

(D 
3 

CD rH 
m fd 
fd > 
PQ 
"H 

Safety Unit Cost Values 

cn rd 
U 

(D 
3 

CD rH 
m fd 
fd > 
PQ 
"H 

-50* -25* -10* +10* +25* +50* 

i 31.33 15.67 23.50 28.20 34.46 39.16 47.00 

2 30.00 15.00 22.50 27.00 33.00 37.50 45.00 

4 50.00 25.00 37.50 45.00 55.00 62.50 75.00 

6 2.00 1.00 1.50 1.80 2.20 2.50 3.00 

7 14.06 7.03 10.55 12.65 15.47 17.58 21.09 

8 .61 .31 .46 .55 .67 .76 .92 

9 22.00 11.00 16.50 19.80 24.20 27.50 33.00 

10 1.06 .53 .80 .95 1.17 1.33 1.59 

11 4.00 2.00 3.00 3.60 4.40 5.00 6.00 

12 2.67 1.34 2.00 2.40 2.94 3.38 4.01 

13 26.43 13.22 19.82 23.79 29.07 33.04 39.65 

16 101.25 50.63 75.94 91.13 111.38 126.56 151.88 

Per cent change to "b^" values, 

Accident frequency ^ f ^ values.—The optimal accident 

frequency values for each of the variations in the "f^' values 

are presented in Table XXII. The percentage change resulting 

from each of the "f^" variations is presented in Table XXIII. 
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TABLE XXII 

EFFECT OF VARIATIONS IN ,,fi" VALUE ON ACCIDENT FREQUENCY 

>1 
>1 u 
-P 0 
0) tn 
m <D 
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e
 

f
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e
 

Accident Frequency 

rti -P 
CO rd 
V 

B
a
s
e
 

f
i
 
V
a
l
u
e
 

-100* - 50* - 25* -10* 0* +10* +25* +50* +100* 

i .35 21.96 19 .34 18 .02 17.24 16.71 16.19 15.39 14.09 11.46 

4 .13 17.36 17 .04 16 .87 16.78 16.71 16.65 16.55 16.39 16.06 

6 .28 19.51 18 .11 17 .41 16.99 16.71 16.43 16.01 15.31 13.91 

9 .14 17.41 17 .06 16 .89 16.78 16.71 16.64 16.54 16.36 16.01 

12 .21 23.01 19 .86 18 .27 17.34 16.71 16.08 15.12 13.56 10.41 

Per cent change to I,fi" value. 

TABLE XXIII 

PER CENT ACCIDENT FREQUENCY CHANGE 
CAUSED BY "f^' VARIATION* 

Safety 
Category 

Base 
f-[ Value 

Per Cent Accident 
Frequency Change 

Safety 
Category 

Base 
f-[ Value ±100** ±50** ±25** +10** 

1 .35 31.42 15.74 7.84 3.17 

4 .13 3.89 1.97 .96 .42 

6 .28 16.76 8.38 4.19 1.68 

9 .14 4.19 2.09 1.08 .42 

12 .21 37.70 18.85 9.34 3.77 

l * 
. All changes are plus and minus from the base optimal 

accident frequency of 16.71. 
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An examination of Table XXIII indicates that the base 

optimal frequency rate is only midly sensitive to change in 

the "f^" and "fg" values, moderately sensitive to changes in 

the "f6" value, and is most sensitive to changes in the "f^
1 

and "fj2" values. 

Accident cost "a^" values.—The optimal accident cost 

values for each of the variations in the "ai" values are 

presented in Table XXIV. 

TABLE XXIV 

EFFECT OF VARIATIONS IN "ai" VALUES ON 
ACCIDENT COST PER WORKER 

>1 
>1 u 

-M 0 
<D CP 

m a) 
nj 4J B

a
s
e
 

V
a
l
u
e
 

Accident Cost Per Worker** 
CO (0 
u 

•H 
ftf -100* - 50* -25* -10* 0* +10* +25* +50* +100* 

1 .15 45.55 44 .43 43.86 43.53 43.30 43.08 42.73 42.18 41.05 

4 .21 44.35 43 .83 43.56 43.41 43.30 43.20 43.04 42.78 42.25 

6 .43 47.60 45 .45 44.37 43.73 43.30 42.87 42.22 41.15 39.00 

9 .65 46.55 44 .93 44.11 43.63 43.30 42.98 42.49 41.68 40.05 

12 .17 48.40 45 .85 44.56 43.81 43.30 42.79 42.01 40.75 38.20 

Per cent change to "a^" value. 

**In dollars per employee. 

The percentage change resulting from each of the "a-j/1 varia-

tions is presented in Table XXV. 
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TABLE XXV 

PER CENT ACCIDENT COST PER WORKER CHANGE 
CAUSED BY "a-j/1 VARIATIONS* 

Safety 
Category 

Base 
a-j_ Value 

Per Cent Accident Cost Per 
Worker Change 

Safety 
Category 

Base 
a-j_ Value ±100** +50** ±25 ±10** 

1 .15 5.20 2.61 1.29 .53 

4 .21 2.42 1.22 .60 .25 

6 .43 9.93 4.97 2.47 .99 

9 .65 7.51 3.76 1.87 .76 

12 .17 11.78 5.89 2.91 1.18 

All changes are plus and minus from the base optimal 
accident cost per worker of $43.30. 

* * 
Per cent plus and minus change to "a^." 

An examination of Table XXV indicates that, in general, vari-

ations to the "a-j/' values of up to plus or minus 100 per cent 

only have slight to moderate impact on the optimal accident 

cost values. The least sensitive l,fi» value is "f4" with a 

change of only 2.42 per cent, while the most sensitive "f." 
i 

value is "£^2" with an 11.78 per cent change. 

Budget "b-j " values. The optimal budget values for each 

of the variations in the "b^" values are presented in 

Table XXVI. The table presents the optimal results in terms 

of the budget overrun resulting from the various "b^H values. 
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TABLE XXVI 

EFFECT OF VARIATIONS IN "bj/V VALUES ON BUDGET OVERRUN 

S
a
f
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e
 

Budget Overrun * 

S
a
f
e
t
y
 

C
a
t
e
g
o
r
y
 

w 
•H 
A -50** -25** _ 1 0 * * 0 ** +10** +25** +5C 

1 31 .33 105. 23 222. 68 293.18 340 .13 •387 .08 457. 58 575. 18 

2 30 .00 190. 13 265. 13 310.13 340 .13 370 .13 415. 13 490. 13 

4 50 .00 215. 13 277. 63 315.13 340 .13 365 .13 402. 63 465. 13 

6 2 .00 330. 13 335. 13 338.13 340 .13 342 .13 345. 13 350. 13 

7 14 .06 227. 65 283. 97 317.57 340 .13 362 .69 396. 45 452. 61 

8 .61 330. 23 335. 18 338.15 340 .13 342 .11 345. 08 350. 36 

9 22 .00 285. 13 312. 63 329.13 340 .13 351 .13 367. 63 395. 13 

10 1 .06 322. 64 331. 55 336.50 340 .13 343 .76 349. 04 357. 62 

11 4 .00 300. 13 320. 13 332.13 340 .13 348 .13 360. 13 380. 13 

12 2 .67 300. 23 320. 03 332.03 340 .13 348 .23 361. 43 380. 33 

13 26 .43 247. 59 293. 86 321.65 340 .13 358 .61 38 6. 40 432. 67 

16 101 .25 137. 65 238. 89 299.65 340 .13 •380 .65 441. 37 542. 65 

Values are in dollar overrun above 

**Per cent change to "b^" value. 

budget. 

The percentage change from the base optimal solution value 

resulting from the "b^" variations is presented in Table XXVII 

This table indicates that the impact of the various "bj_" 

changes is only slight in several categories while high in 

several of the other categories. The least impact of a plus 
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and minus "bj_" change takes place with variations in the "fg, 

"f8/" and "f10" values. 

TABLE XXVII 

PER CENT BUDGET OVERRUN CHANGE CAUSED BY "fĉ " VARIATION 

Category 

Per Cent Budget Overrun Change 

Category bi Value ±50** ±25** > ±10** 

1 31.33 69.06 34.53 13.80 

2 30.00 44.10 22.05 8.82 

4 50.00 36.75 18.38 7.35 

6 2.00 2.94 1.47 .59 

7 14.06 33.07 16.51 6.63 

8 .61 2.91 1.46 .58 

9 22.00 16.17 8.09 3.23 

10 1.06 5.14 2.52 1.06 

11 4 .00 11.76 5.88 2.35 

12 2.67 11.73 5.91 2.38 

13 26.43 27.21 13.60 5.43 

16 101.25 59.53 29, 77 11.90 

Per cent plus and minus change to "b^." 

* * . 
All changes are plus and minus from the base optimal 

budget overrun of $340.13. 

The largest impact of such changes takes place with the 

"f2/" "fi6/" an<3 "f^" values. The smallest impacts are in 

those safety categories where the mean cost for each 
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additional safety unit is low and/or the safety unit increase 

goal is small. The largest impact is in those safety cate-

gories where the mean cost for each additional safety unit 

is high and/or the safety unit increase goal is large. 

Empirical Application Summary 

Based on the results obtained from executing the OSHA 

Model under numerous assumed environmental states, it appears 

that the model does work. The model output provided exten-

sive information concerning the safety and health relation-

ships within the subject company and the suitability of the 

base safety and health strategy. The OSHA Model provided 

objective values so that a comparison could be made between 

the safety and health goals of the subject company and what 

results could actually be achieved given the specified acci-

dent and health relationships within the firm. 

An extensive sensitivity analysis of the OSHA Model 

indicated that in this particular application the sensitivity 

of the model depends upon what variables within the model are 

changed. When the priority structure is changed there is 

relatively little impact to the base optimal solution. The 

model is relatively insensitive to changes in the safety 

unit increase goal values (N̂ ) except when these changes are 

in safety categories in which accidents occurred during the 

previous year. In such instances, the model appears to be 

slightly to moderately sensitive. The model is very sensitive 
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to all changes in budget, frequency rate, and accident cost 

goal values. When changes are made to variable coefficient 

values, the model is relatively insensitive except in a few 

instances where relatively large variations in these values 

did produce significant changes to the base optimal solution. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

The purpose of this study has been to create a safety 

compliance model which would advance the state of the art of 

safety compliance models and provide management with a 

practical tool which can be used in making safety decisions 

in an environment where multiple objectives exist. A goal 

programming safety compliance model (OSHA Model) was devel-

oped to fulfill this purpose. The objective function of the 

OSHA Model was designed to minimize the total deviation 

from the established goals of the model. These model goals 

were expressed in terms of 1) level of compliance to OSHA 

safety and health regulations, 2) company accident frequency 

rate, 3) company accident cost per worker, and 4) a company 

budgetary restriction. This particular set of goals was 

selected to facilitate management's fulfillment of its 

responsibilities to OSHA, the employees, and to ownership. 

The OSHA Model uses the safety and health relationships 

existing in a business environment to determine the optimal 

results management can expect to obtain with a given ordinal 

ranking of safety and health objectives and their associated 

goal values. The optimal results indicated by the OSHA Model 
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are then used in evaluating the effectiveness of a given 

safety and health strategy. 

To examine the reasonableness of the OSHA Model's output 

and to test the hypothesis concerning the insight the model 

can provide to management on the relationships existing in 

the safety compliance decision system, the model was empiri-

cally tested in an actual safety decision situation. The 

company used for the empirical application of the OSHA Model 

was called the subject company throughout the study. Input 

of the safety and health relationship values and exogenous 

variable values to the OSHA Model, as determined by the 

empirical study, provided the data necessary to obtain a base 

set of optimal solution values. This base optimal solution 

demonstrated the extent to which the subject company's safety 

and health objectives could be achieved with the specified 

safety and health strategy. 

After a base optimal solution was obtained, a detailed 

sensitivity analysis was used to indicate the conditions in 

which a change in the model1s parameters would cause change 

in the model's base optimal solution. This sensitivity 

analysis was accomplished by successively inputing a number 

of plausible alternative variable coefficients, goal values, 

and priority rankings to the model and observing the new 

optimal solutions under each of the assumed functional rela-

tionships. These new optimal solutions were examined to 
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determine what impact changes in each of the three model 

areas had on the base optimal solution. 

Based on the results of the empirical application of 

the OSHA Model, it is evident that the research objectives 

of this study have been accomplished. The OSHA Model 

formulated not only advances in the state of the art of 

safety compliance models, but also provides a practical tool 

which facilitates management's safety and health decisions. 

The insight into the relationships existing in a safety 

compliance decision system provided by the OSHA Model and 

its accompanying sensitivity analysis was demonstrated by 

the empirical application during the research. The optimal 

solution values showed what could be accomplished with a 

given objective structure and the existing safety and 

health functional relationships. The optimal solution 

values obtained during the sensitivity analysis showed how 

sensitive the model is to the uncertainties relating to 

goal structures and the specific exogenous and endogenous 

parameter values. The new insight available to manage-

ment can provide a scientific base upon which the total 

system decisions can be made. This is an important asset 

to management when the eclectic nature of the contemporary 

decision system is considered. 

Although the OSHA Model demonstrated how it could 

assist management in the safety and health decision process, 

there are several areas where additional research might 
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prove beneficial. First, since the maximum level of safety 

units was restricted to 100, the impact of any overcompliance 

in any of the safety categories was not considered. If 

ground rules were established to identify what constituted 

overcompliance in each safety category and the exact extent 

of such overcompliance could be precisely measured, this 

restriction could be eliminated from the model. Second, 

the goal structure might be expanded to include additional 

safety and health objectives. Such changes to the goal 

structure would depend upon the specific preferences of 

management and the particular application requirements. 

Additional goals or objectives can be added to the model as 

long as the functional relationships between the level of 

compliance and goal attainment can be determined for each 

safety category. Third, as time passes and more data becomes 

available concerning the probability of a specific business 

being inspected and the exact fines imposed on industry 

by OSHA for specific safety and health violations, it might 

be possible to modify the OSHA Model to include consider-

ation of the expected cost to a business for not maintaining 

total compliance to the regulations. It is feasible that 

an optimal safety and health strategy might call for a 

business to accept compliance levels below 100 per cent in 

certain safety categories and run the risk of possible fines. 

Inclusion of this aspect in the OSHA Model would be a major 

modification and would require extensive research and analysis, 



APPENDIX A 

SUMMARY-DESCRIPTIONS OF OSHA STANDARDS 

The following paragraphs are summary descriptions of the 

OSHA safety and health categories. The standards are sum-

marized by category and for the most part list only "what is 

to be achieved" in terms of worker safety. How to achieve 

the standard is left to the employer. Management, thus, must 

play an active part in determining company safety. Items 

such as safety training programs, incentive systems, etc., 

are not explicitly referred to in the standards. 

Walking-Working Surfaces—all areas where workers walk, 

work, or stand, including floor areas, stairs, ladders, 

scaffolding, balconies, and other work surfaces. 

Standards are given for such items as guardrails, surface 

strength, protective coverings, clearances (vertically and 

horizontally), obstructions, etc. 

Means of Egress—a continuous and unobstructed way to 

exit travel from any point in a building to a public way. 

General standards specify that safe means of egress from 

fire and like emergencies be available. 

Powered Platforms, Man Lifts and Vehicle-Mounted Work 

Platforms—equipment which moves people from level-to-level or 

areas-to-area for work inside or outside the building. 
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Standards are specified for both power and manually 

operated equipment. Specifications include power capacity, 

strength, maintenance, range of extension, height, warning 

signs, location, working space, etc. 

Occupational Health and Environmental Control—various 

chemicals, gasses or radiation forms which may be harmful to 

the worker; these include such things as air contaminants and 

asbestos. 

Standards on the control on ventilation and noise ex-

posure are specified. Standards are also specified for 

safety equipment to nullify ill effects and to provide proper 

warning signs, disposal, emergency capabilities, medical 

facilities, etc. 

Hazardous Materials—includes such compressed gasses as 

hydrogen, acetylene, and oxygen, plus other flammable and 

combustible materials or liquids. 

Standards include storage and handling requirements, 

location, warning signs, ventilation, containers, protective 

equipment, etc. 

Personal Protection Equipment—items which provide pro-

tection for eyes, face, head, and extremities. 

Standards include protective clothing, respiratory 

devices, and protective shields and barriers, to protect 

against injury through absorption, inhalation or physical con-

tact. Standards are also included for compressed air, com-

pressed oxygen, liquid air, and liquid oxygen used for respiration. 
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General Environment Control—controls over sanitation 

including general housekeeping and adequate toilet facilities, 

water supply, vermin control, and waste disposal systems for 

the building of any temporary labor camp or facility. 

Standards include requirements for hazards to be color 

coded and signs posted for accident prevention purposes. 

Medical and First Aid—facilities and personnel to treat 

accident victims. 

The employer is responsible for readily available medical 

personnel for consultation and treatment. 

Fire Protection—includes fire protection equipment and 

alarm systems. 

Fire control systems, sprinklers, and extinguishers are 

to be placed in appropriate and easily accessible areas. 

Hoses, extinguishers and fire systems should meet the neces-

sary specifications to put out the classifications of fires 

which might occur in that area. Standards exist for water 

supply, hose and sprinkler size and strength, and fire 

extinguisher chemical compounds. Requirements for fire alarm 

signaling systems are also specified. 

Compressed Gas and Compressed Air Equipment—includes all 

tanks and cylinders in which gas is stored under pressure. 

Standards require inspection of all cylinders as to 

type, location, thickness, specifications, content, interior 

and exterior defects, and date secured. All tanks and cylin-

ders should meet the safe specifications for their contents. 
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Materials Handling and Storage—includes all mechanical 

equipment used for handling and storage of materials. 

Handling items include powered trucks, forklifts, hand 

trucks, cranes, locomotives and derricks. Storage facilities 

include loading docks, warehouses, pallets, etc. Standards 

exist for weight, strength, capacity of handling equipment 

and handler/equipment interactions. Also location, height, 

strength, etc., of storage facilities. 

Machinery and Machine Guarding—types of machinery and 

protective guarding. 

Machinery includes such items as wood-working machines, 

cooperage machines, abrasive wheel machines, presses, forges, 

mechanical power-transmission apparatus, etc. Guarding must 

be provided to protect the operator and other employees in 

the machine area from hazards such as rotating parts, sparks, 

flying chips, exposed blades, rotating drums, etc. 

Hand and Portable Powered Tools and Other Hand Held 

Equipment—jackhammers, piston-type tools, circular saws, 

sanding machines, drills, etc. 

The employer is responsible for the safeness of tools 

and equipment used by the employee, including those owned by 

the employee. Standards include proper guards, control 

switches, mountings, location, etc. 

Welding, Cutting and Brazing—welding and cutting devices 

and associated equipment. 
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Standards are specified for the apparatus, pressure, and 

chemical mixtures for all welding devices. Specifications 

also exist for personnel and the training of personnel that 

use these facilities. Standards include operating proce-

dures, safety equipment, installation, and warning signs. 

Special Industries—additional requirements for special 

industries. 

Standards exist for special industries which might have 

certain hazard situations resulting from machinery, equip-

ment, etc., peculiar to that particular industry. These 

industries include pulp and paper mills, textiles, bakery 

equipment, laundry operations, sawmills, logging, agricultural 

operations, and pesticides. 

Electrical—all electrical wiring and materials used in 

supply and use of electricity. 

Standards specified are those adopted by the National 

Electrical Code, which were established to protect persons 

and buildings from hazards arising from the use of electricity 

for light, heat, power, radio, signaling, and for other pur-

poses. Standards exist for wiring, conductors, transformers, 

connections, standard electrical equipment, fuses, etc. 



APPENDIX B 

THE OSHA MODEL COMPUTER PROGRAM 

PROGRAM GOALP 
DIMENSION RVLX (5,50) 
DIMENSION 0(05,50) 
(DIMENSION VALX(5,5D) 
DIMENSION C (25,50) 
0IMENSI0N V AL Y(25,5) 
DIMENSION KEPT(25) 
DIMENSION RHS1(25) 
DIMENSION V(25),IY(25) 
DIMENSION PRDT(25) 
DIMENSION AMT(25) 
0IMENSION ZVAL(5) 
DIMENSION 000(25) 
DIMENSION DUO(5 0) 
DIMENSION X(50) 
GOAL PROGRAMMING 
GALL START(N,M,L,C,VALX,VALY,PRDT,RHS1,KPC<,KEPT,TEST) 
DC 21 J-i,M 

21 X(J)=J 
DO 20 1=1,N 

20 Y{I) = I 
15 FORMAT(I3,F12.2) 
12 FOR HAT(7F18.11) 
13 FORMAT(8F9.0) 

313 FORMAT(I3»1OX,F20.5) 
DO 25 K=i,L 
00 25 1=1,N 
VALY(IaK)«VALX(K»I) 

25 CONTINUE 
IT A 8 = 0 
8RING IN NEW VARIA3LES 
IT£R=0 
CALCULATE NET CONTRIBUTION OF EACH VARIABLE (RVLX(K,J)) 

31 L1=0 
32 K3-L-L1 
33 IF (K3-1) 800,*»0,i»0 
<*0 DO 60 K=1,K3 

DO 60 J=1,M 
SUHP=0. 
00 50 1=1,N 
P=VALY(I,K)*C(I,J) 
SUHP=SUMP*P 

50 CONTINUE 
IF(ABS(SUMP).LT.0.00001) SUMP=0.C 
RVLX(K,J)=SUMP-VALX(K,J) 
IF(ABS(RVLX(K * J)).LT.0.00001) RVLX(K,J)=0.0 

60 CONTINUE 

3.18 
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C BRING IN XCK2) 
Z M A X = 0 • 
00 90 J = 1,M 
IFIK3-L) 92,70,70 

92 K'»-K3 + 1 
00 91 K = K«»,L 
IF(RVLX(K,J) ) 90,91,91 

91 CONTINUE 
70 IF(RVLX(K3,J)-2MAX) 90,90,80 
80 ZMAX=RVLX(K3,J) 

= J 

90 CONTINUE 
IF{K3-1+ZMAX)95,1211,95 

95 IF(ZHAX) 790,790,103 
C WHICH VARIABLE IS REMOVEC FROM THE BASIS 
C CALCULATE LIMITING AHT FOR EACH BASIS VARIABLE 

100 DO 150 1=1,N 
IFfPROT(I)) 110,123,120 

110 WRITEf6,13> PRDT(I) 
GO TO 830 

120 IF(C(I»K2)) 130,130,1^0 
130 AHT{I)=~1• 

GC TO 150 
1<*0 AMT (I ) = PR0T < I )/C(I,K2) 
150 CONTINUE 

C SELECT SMALLEST POSITIVE LIMITING AHT 
1 = 1 

150 IF(AHT(I)) 170,210,210 
170 I-H-l 

IF 11-N > 160,160,180 
180 WRITE 16,13) AMT(N) 

GO TO 830 
21C ZMIN=AMTII) 

K1~I 
220 1 = 1*1 

IFCI-N) 230,230,300 
230 IF(AMT(I)) 220, 2'»Q, 2*»0 
2^0 IF{ZMIN-RMT(I)) 220,220,210 

C REMOVE YIKl) 
300 Y (Kl) =X(K2) 

OO 310 K 1 , L 
V AL Y { XI» K) = V ALX {K, K2 ) 

310 CONTINUE 
C CALCULATE NEW RIGHT-HAND SIDES 

00 «»00 1 = 1, N 
PRO TCI)= PROT(I)-ZMIN»CCI»K2> 

*•00 CONTINUE 
PRQT(Ki)=ZMIN 

C CALCULATE NEW SUBSTITUTION RATES 
00 500 J-1,M 
DO 500 I-1,N 
IF(I,EQ,K1> GO TO 50 0 
0 i1,J > = C11,J)-CJ Kl,J 5/CtKl,K2)*C(I,K2) 
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500 CONTINUE 
DO 510 J-1,M 
D(K1»J)=C(Ki»J)/C(<1»K2) 

510 CONTINUE 
00 U95 1 = 1 *N 

t»95 0(I,K2) =0.0 
D(K1,K2)=1.0 
DO 52G J=i,M 
00 520 1=1,N 
C!I,J>=D<I,J> 
IF {ABS(C(I,J>).LT.O.O0CO1) C(I,J)=0.G 

520 CONTINUE 
ITER=ITER+1 

C WRITE ALL TABLES OR JUST OPTIMAL TABLE 
IF(ITER-i) 200 ,200,1210 

200 WRITE (6,1220) 
1220 FOR HA T (// , 2 THE INITIAL ZJ-C.J MATRIX#,//) 

00 1230 KK=i,L 
M X = L + i - K K 
IF (TEST.E9.0.0) GO TO 1229 
MX=L-KK 
IF (HX.NE.Q) GO TO 1229 
! IRIT E ( 6 , 12 31) 

1231 FORMAT <# ARTIFICAL#) 
GO TO 1230 

1229 WRITE Co,5007) MX 
1230 WRITE(6,12) (RVLX CKK,JJ) ,JJ=1,M) 

IFCTTABS £»0,«»0,600 
1210 IF(ITAO) %0^0,&813 
1211 IF(ITAB) 790,790,6313 
6813 WRITE (6,5003) 

DO 681if K = 1 »L 
MH^L+l-K 
WRITE(6,5007) MM 
HRITE(6,12) CRVLX(K,J) , J=1,M) 

& 81 f+ CONTINUE 
IF CZMAX) 790,790,600 

C WRITE EACH TABLE 
600 HRI TE (&,60 G .1) ITER 

&001 FORMAT (1H1, 10X».L3HITERATIONS - ,13,//) 
WRITE(6,50Q!) 
00 610 I=1,N 
IY(I)=Y(I) 
WRITE(6,313) IY(I),PRDT(I) 

610 CONTINUE 
WRITE(6,5G02) 
DO 620 I=i,N 
WRITE(6,50 0 6)I 
WRITE(6 »12) CC(I,J),J=1,M) 

620 CONTINUE 
GO TO '+0 
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MOVE TO NEXT LOWER PRIORITY LEVEL 
/ 90 Ll=Li+l 

GO TO 32 
C WRITE FINAL RESULTS 

JOG WRITEC6»1015> 
i u 15 FORMAT(1HI) 

WRITE(6»101<t) ITER 
101«» FORMAT(1 OX,#ITERATIONS. . ,...#,15) 

WRITE (6,50 0 0) 
5000 FORMAT (55X,#THE SIMPLEX SOLUTION#,25X,#PAGE 05#,//) 

WRETE(6,5001) 
5001 FORMAT( //, # THE RIGHT HANO SIDE#,//) 
801 00 610 1=1,N 

IY(I)=Y(I) 
WRITE(6,313) IY(11»PRDT{I) 

810 CONTINUE 
WRITE(6,5G02) 

5002 FORMAT(//»# THE SUBSTITUTION RATES#,//) 
811 DO 812 1=1,N 

WRITE(6,5006)I 
5006 FORMAT(1X,3HR0H,I5) 

WRITE(6,12) (C (I,J),J=1,M) 
812 CONTINUE 

WRITE(6,5003) 
5003 FORMAT( //, # THE ZJ-CJ MATRIX#,//) 
813 00 8 1 X = 1 , L 

MM=L*1-K 
IF (TEST.EQ.O.0) GO TO 5008 
MM=L-K 
IF IMM.NE.OJ GO TO 5008 
WRITE(6,1231) 
GO TO 5009 

5008 WRITE(S,5007) MM 
500 7 FORMAT(1X,8HPRI0RITY, 15) 
5009 WRITE(6,12) (RVLX(K,J)• J=1,M) 
8ik CONTINUE 

C EVALUATE OBJECTIVE FUNCTION 
DO 820 X=1,L 
ZVAl.(K) =0. 
DO 820 1 = 1,N 
ZVAL(K)=ZVAL(K)+PRDTCI)*VALY (I , K) 

320 CONTINUE 
WRITEt6,500i») 

50 0** FORMAT ( # AN EVALUATION OF THE OBJECTIVE FUNCTION#) 
DC 821 K=1,L 
KK=L-K 
IF(rEST•EQ »1.0)GO TO 89 
KK=KK+1 

89 WRITE(6,15) KK,ZV AL(K ) 
821 CONTINUE 

CALL FINISH(RHS1,PROf, VAL Y, L, KPCK, Y, N,KEPT, TEST) 
830 STOP 

END 
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SUBROUTINE START(NROWS,HVAR.NPRT,C*VALX,VAlY•RHS •RHS1«KPCK»KEPT• 
(EST) 

C THE START SUBROUTINE I S DESIGNED TO TAKE INFORMATION I N A SPE 
C I F I E O FORMAT ANO TRANSFORM I T INTO A SERIES OF USABLE MATRICIE 
C . . . . . . . . 

REAL NEG 
REAL L 
DIMENSION C(25»50 )»VALXC5»50 ) 
DIMENSION V A L Y ( 2 5 , 5 ) 
DIMENSION EQUALS(25)»RVLX(5»50) 
DIMENSION RHS(25) 
DIMENSION KEPT(25) 
DIMENSION RHS1(25} 
INTEGER POS.OATA,OBJ* PR08»B»E»G»RGHT,ANAME, EQUALS 
NV=50 
NR=25 

1 FORMAT I h i f , 3 1 3 ) 
POS=^HPOS 
NEG = <*HNEG 
DATA = tfHDATA 
OBJ-^HOBJ 
PR0B=t+HPR08 
RGHT=^HRGHT 
B ~ 1H 8 
E = 1HE 
G-1HG 
L = i H L 
TEST=0.0 

C 
C 
c 
c 
C READ THE PR08LEM CARD FOR THE NUM3ER OF ROWSsVARIABLES* ANO 
c...... •• 

10 REA0I5,1>ANAME,NROWS,NVAR,NPRT 
LISP-NPRT + 1 
I F ( N V A R . L E . O ) GO TO 1D20 
I F ( N P R T . L E . O ) GO TO 1020 
IF(NROWS•LE•0) GO TO 1020 
IF(ANAME.NE.PROB) GO TO 901 

C 
c 
C READ THE SIGN CARD. 
C I T WILL CONTAIN ONE OF THE FOLLOWING LETTERS FOR EACH ROW 
C FOR EQUALS E 
C FOR LESS THAN OR EQUAL TO L 
C FOR GREATHER THAN OR EQUAL TO G 
C FOR BOTH DEVIATIONS B 
c . . . . . 

REAO(5 ,11 ) (EQUALS( I ) , 1=1»NROWS) 
11 FORMAT(80A1) 
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C 
c 

NART=Q 
C COUNT THE NUMBER OF POSITIVE SLACK VARIABLES 
C . 

NFLDS=0 
DO 12 1 = 1 •NROWS 
IF(EQUALS <I).EQ.B)NFLDS = NFLDSU 
IF(EQUALS(I).EQ.G)NFLDS=NFLDS+1 

12 CONTINUE 
C 
C 
C TEST FOR SIZE 
C. 

NSIZE=NFLDS+NROWS+NVAR 
IF(NROWS.GT.NR) GO TO 911 
IF(NSIZE.GT.NV) GO TO 911 

C 
C 
C 
C CLEAR ALL MATRICIES 
C, 

IF (NPRT.GT.NROWS) GO TO 1105 
NUM ~ NROWS 
GO TO 1106 

1105 NUM - NPRT 
1106 KOUD = NPRT *• 1 

00 10 59 KX = 1y NSIZE 
1059 V ALX {KDIJO » KX) -0.0 

DO 16 J~l*NSIZE 
00 16 I - 1» NUM 
KEPTtl)=0 
IF(I.GT.KOUD) GO TO 17 
K= I 
R V L X ( J ) = 0.0 
VALX{X»J)=0.0 

17 IFiI*EQ.J) C(I»J)=1.0 
VALY<I,K)=0.0 
IF(I.NE.J) C(I,J)=0.0 

16 CONTINUE 
KPCK'-O 
K=KOUO 

C 
C 
C ADJUST THE SLACK VARIABLES ANO OBJECTIVE FUNCTION TO MEET THE 
C REQUIREMENTS OF THE SIGN 

• * « % * a 

DO 13 1=1,NROWS 
IFCEQUALSU) .EQ.E) GO TO 1«* 
IF(EQUALS(I).EQ.G) 30 TO 15 
IF(EQUALS(I).EQ.L) GO TO 13 
IF(EQUALS(I).EQ.B)GO TO 18 
GO TO 910 
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1*» J=I 
VALXtK,J)=l.O 
NART=NART +1 
TEST=1.C 
GO TO 13 

15 KPCK=KPCK+1 
J=N'ROWS + KPCK 
C(I,J)--1.0 
KEPT(I)=J 
J = I 

VALX(K,J)=1. 
NART=NART *1 
TEST=1.0 
GO TO 13 

18 KPCK-KPCK+1 
J-KPCK+NROWS 
C(I,J)=-1.0 
KEPT(I) = J 

13 CONTINUE 
C 
c 
C READ THE OBJECTIVE FUNCTION 

READ(5*2i)ANAME 
19 1 = 0 

IF(ANAME«NE»OBJ> GO TO 92C 
20 READ(5»21)A NAME*I» M » T EMP 

IFfANAME.EQ.DATA) GO TO 30 
IFiM.LE.O) GO TO 1022 
K-LI3P-M 

21 FORMAT (Aft,215,F16.0) 
IFtJ.LE.O) GO TO 1022 
IF{K*GT.NPRT) GO TO 102*t 
IFtANAME.EQ.NEG) GO TO 26 
IF(ANAME.Ea.POS) GO TO 25 
GO TO 27 

26 J = I 
IF(EQUALSCI).EQ.G.OR.EQUALSCI).EQ.E) GO TO 1055 
VALX(K»J)=TEMP 
GO TO 20 

25 J=KEPT(I) 
IF (KEPT(I).EO.O) GO TO 1026 
VALXIK,J)"TEMP 
GO TO 20 

27 IF(TEMP)92a»20*926 
C 
C 
C READ THE DATA MATRIX IN 

30 REAO(5»2i>ANAME,I,J,TEMP 
IFC ANAME.EO.RGHT) GO TO <*0 
I!-* {I • LE» 0 > GO TO 1090 
IF(J.EQ.O) GO TO 1390 
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C 
c 
c 
c, 

J=KPCK>NROHS+J 
C(I,J)=TEHP 
GO TO 30 

READ THE RIGHT HAND SIDE 

C 
C 
C 
C, 

*•0 READ(5,«+^) (RHS(I) ,I=1,NRCWS) 
t*U FORMAT (8F10.0 ) 

00 ^6 1=1,NROWS 
IF (RHS(I)•LT•0.0) GO TO 9<*1 

t»8 CONTINUE 

WRITE THE ABOVE RESULTS 

WRITE(6,5Q15) 
5015 FORMAT(55X,/THE RIGHT HAND SIDE-INPUT#,33X,/PAGE 01/) 

DO t»l I=1,NROWS 
IFCRHS(I) )9£»l,«*3f i»3 

t*3 RHS1 {I) =RHS (I) 
WRITE(6tllll>I,RHS(I) 

1111 FORMAT(10X,I3,2X,F15.5 ) 
hi CONTINUE 

WRITE(6,620) 
620 FORMAT(1H1) 

WRITEC6,5Q16) 
5016 F0RMAT(55X,/THE SUBSTITUTION RATES-INPUT/,18X,/PAGE 02/) 

DO 1112 1=1,NROWS 
WRITE(6,2519) I 

2519 FORMAT(IX,/ROW/,15) 
1112 WRITE (6,1113) (C(I,J) , J*-1,NSI2E) 
1113 FORMAT(10F12.3) 

WRITE(6,620) < 
WRITE(6,5017J 

5017 FORMAT(55X,/THE OBJECTIVE FUNCTION-INPUT/,19X, / PAGE 03/) 
DO illt» K=1,NPRT 
H=LISP-K 
WRITE(6,2150) H 

2150 F OR MAT(/ PRIORITY/,15) 
llli* WRITE 16,1113) (VALX(K,J) ,J=1,NSIZE) 

WRITE < 6,620) 
WRITE(6,5018) 

5018 FORMAT (55X,/SUMMARY OF INPUT INFORMATION /, 19X, /PAGE/,/ 0**/) 
NVAR=NSI2E 
WRITE(6,2017) NROWS,NVAR,NPRT,NART 

2017 FORMAT(10X,/NUMBER OF ROWS.. /,15,/,1 OX,/NUMBER OF VARIABLE 
*..../ ,I5,/,10X,/NUM3ER OF PRIORITIES.../,15,/,10X,/ADDED PRIC 
2ITIES / »15) 
IF(NART.GT•0) NPRT = NPRT+1 
RETURN 
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NUMBER OF ROWS PUN 
OTHER THAN [El,tGt 

109C 
1091 

920 
VALUE* ,F16«3 ,/ 
DEVIATION HAS BEEN NEGLECTED. 

910 WRITE (6»911*) 
91t»CF0RMAT (/PROGRAM CONTAINS AN ERROR EITHER IN THE 

1CHEO OR IN THE SIGN CARD.THE VALUE IS SOMETHING 
2» ORILI/) 
GO TO 999 
WRITE(6,1091) 
FORMAT it IMPROPER DATA COLUMN OR ROW DEFINITION#) 
GO TO 999 
WRITEt&f921) 

921OFORMAT{* AN OBJECTIVE CARD WITH THE 
IS FOUND BUT INSTRUCTIONS AS TO WHICH 
2EXAMINE YOUR DATA**) 
GO TO 999 

1020 WRITE (6,1021) 
1021 FORMAT(/ NUMBER OF ROWS, VARIABLES, OR PRIORITIES CANNOT BE EQUA 

1L TO ZERO UNDER ANY CIRCUMSTANCES/) 
GO TO 999 

1022 WRITE <6 > 1023) 
1023 FORMATC* COLUMN VALUE OR PRIORITY VALUE IS EQUAL TO OR LESS THAN 

1ZERO /) 
GO TO 999 

911 WRITE(6,912) 
912OFORHAT(* THE NUMVER OF 

IIS TOO GREAT UNOER PRESENT 
2TERING THIS RESTRICTION TO 
GO TO 999 

1026 WRITE(6,1027) EQUALS (I) » AK'AHE, I,M»TEMP 
1027 FORMAT < / ATTEMPT IS MADE TO MINIMIZE NON EXISTANT POSITIVE 

IT ION/« / , / THE SIGN IS /,A1,/,/ THE OBJECTIVE FUNCTION DATA CARD IS 
2/,/,lX,A<*,2I5,F20.6) 
GO TO 999 

10 2t» WRITE (6, 1025) 
1025 FORMAT(/ OBJECTIVE FUNCTION PRIORITY EXCEEDS STATEO NUM8ER OF PRI 

10RITIES/) 
GO TO 999 

901 WRire(6,902) 
902 FORMAT it PROBLEM 

GO TO 999 
WRITE(6,927) 
FORMAT(/ A CARD 

VARIABLES NEEDED TO 
DIMENSIONS. SEE 
MEET YOUR NEEDS/) 

COMPUTE THIS PROGRAM 
YOUR PROGRAMMER FOR AL 

DEVIA 

CARD MISSING OR MISPUNCHED/) 

926 
927 IN THE OBJECTIVE SECTION DEFINED SOME VALUE FOR T 

1HE OBJECTIVE FUNCTION BUT FAILEO TO DEFINE WHETHER THIS WAS TO AP 
2PLY TO THE POSITIVE OR NEGATIVE DEVIATION/) 
GO TO 999 

9 M WRITE(6,9<*2) RHS(I) 
9U2 FORMAT(/ NEGATIVE VALUES ARE NOT ALLOWED ON THE RIGHT HAND SIOE. 

1 CORRECT PROBLEM BY MULTIPLYING ENTIRE CONSTRAINT THROUGH BY HINJ 
2S ONE./,/,/ THE RIGHT HAND VALUE IS/»2X,F20.6) 
GO TO 999 

1055 WRITE(6,1C56) EQUALS(X),ANAHE,I,M,TEHP 
1056 FORMAT{/ ATTEMPT IS MADE TO MINIMIZE A NON EXISTANT NEGATIVE OEVI« 

1TION/,/,/ THE SIGN IS /,Al,/,* THE OBJECTIVE FUNCTION OATA CARD 1 
2S/,/,lX,AU,2I5,F16.5) 

999 STOP 
ENO 
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SUBROUTINE FINISH(RHS1,RHS,VALY,NPRT»KPCK,Y,NROWS,KEPT,TEST) 
REAL NEGSLK 
DIMENSION VALY(25*51 
DIMENSION ZVALC5) 
DIMENSION RHS(25) 
DIMENSION KEPT(25) 
DIMENSION Y(25),RHS1<25) 

C RHSi IS THE RESERVED VECTOR OF RHS VALUES FROM THE BEGINNING. 
C THE ENDING RHS VALUES ARE SU8TRACTED FROM THE BEGINNING ONES 
C AND THE RESULT IS PLACED INTO THE APPROPRIATE SLACK COLUMN. 
C THE REMAINDER OF THE VALUES ARE PRINTED ON PAGE TWO OF THE RE 
C SULTS. 
C 
c 
C SLACK ANALYSIS 
C 

WRITE(6,21) 
21 FORMAT(1H1.120X,/PAGE 06#//,50X,#SLACK ANALYSIS#) 
1 FORMAT{////) 

WRITE <6,1) 
WRITE(6,8) 

8 FORMAT(1CX,*R0W#,6X,#AVAILABLE* , 12X»#POS-SLK#,12X,#NEG-SLK#) 
WRITE t6,1) 
DO 19 1=1•NROWS 
NEGSLK-Q «0 
PCSSLK=0•0 
DO 11 J=l,NROWS 
M-Y{J) 
IF(I-M) 9,10,9 

9 IFtM-KEPT< I) ) 11,12,11 
11 CONTINUE 

GO TO 13 
10 NEGSLK=RHS(J) 

GO TO 13 
12 POSSLK=RHSCJ) 
13 WRITE(6,1'») I,RHSi (I) ,POSSLK,NEGSLK 
1U FORMAT(1QX,I3,3F20.5) 
19 CONTINUE 
<•3 FORMAT (10X, 13,3X,F15.5) 

C 
C VARIBLE AMOUNTS 
C 

WRITE(6 ? kk) 
FORMAT (lHi»i20X,#PAGE 0 It// ,50X ,#VARI ABLE ANALYSIS#) 
WRIT£{6,^5) 

hS FORMAT(////,7X,*VARIABLE AMOUNT#,//) 
DO hi 1=1,NROWS 
NCHCK=Y<I)-KPCK-NROHS 
IF(NCHCK)i»l,1»l*'*2 

h2 WRITE <&,<>3)NCHCK,RHS(I) 
1 CONTINUE 
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WRITE16*72) 
72 FORMAT tlHl) 

WRITE(6*50) 
50 FORMAT(//»55X»£ANALV'SIS OF THE OBJECTIVE#,23X,*PAGE 6t,////,50X,tP 

(RIORITY*,!OXt *UNOER-ACHIEVEMENT*,/) 
DO 52 K=1,NPRT 
ZVALC K)=0 «0 
DO 51 1=1»NROWS 

51 ZVALCK)=ZVAHK) + VALY (I, K)*RHS (I) 
LlSP=NPRT + 1 
KK=LISP-K 
IF(TEST.EQ.0.0) GO TO 52 
KK= NPRT-K 
IF(KK.GT.O) GO TO 52 
KK=NPRT"-K 
IF(KK.GT.O) GO TO 52 
WRITEC6.78) ZVAL(K) 

78 FORMAT t/*t*5X,#ARTIFICIALi*,5X,F20.5) 
GO TO 77 

52 WRITE(S » 53 > KK* ZVAL(K) 
53 FORMAT(1H0,52X,I2»5X,F20.5) 
77 CONTINUE 

RETURN 
END 
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