
Benchmarks: Examples illustrating the levels of expectation for 2-year, BS/BA, and MS/MA 

programs for each of the above seven physics competency “themes” 

 

The following examples of levels of expectation are not intended to be prescriptive of curriculum or of 

particular ways to demonstrate achievement of the outcomes. They are illustrative and should be 

adaptable to other example problems. Their concreteness is intended to clarify, in a way that should be 

accessible to all physics faculty, what level of expectation is appropriate for students at the 2-year level, 

the BS/BA level, and the MS/MA level. 

 

1. Nature of Science, Nature of Physics 

 
The 2-year student should demonstrate the ability to 

 Understand that physics is possible because nature is predictable and understandable; physics is 
interesting because nature is not too simple. Physical theories are based on patterns in nature, 
discernible by patient and objective observation and experiment. 

 Understand that physics is not a collection of facts or tables of numbers, or even a set of immutable 
laws, but rather a process to gain knowledge about the physical world.  

 Understand that scientific theories must be testable because physics theories are only an 
approximation of the true, underlying behavior. The testing of a theory allows it to be modified and 
refined towards a more accurate representation of nature. 

 Identify causes and effects in various situations.  

 Understand that the acceptance of scientific theories is based on evidence rather than authority or 
popularity.  

 Understand the difference between, and mutual dependence of, science and technology. 

 Understand that physics is the most fundamental and foundational of the sciences. 

 Understand that physics is a human enterprise that requires as much creativity and passion as other 
human endeavors.  

 Identify the typical portrayal of scientists in the popular media as incomplete stereotype.  

 Understand that science can be applied ethically or unethically. 

 Recognize pseudo-scientific claims by their reliance on authority, lack of objective evidence or 
obfuscation of sources. 

 Understand that mathematics is both a tool and a language with which the ideas of physics are 
expressed and investigated. 

 
The BS/BA student should demonstrate the ability to 

 Do everything on the 2-year student list in addition to the following: 

 Understand the interplay between theoretical and experimental progress in physics. 

 Understand that science is, and how it is, more self-correcting than other disciplines or realms of 
human activity. 

 Put major advances in physics in historical context and know about the people involved. 

 Understand the difference between dependent and independent variables and controlling (for) 
variables in experiments. 

 Develop the knowledge and determination to behave ethically in the scientific arena. 

 Explain the difference between observational and experimental science. 

 Understand the role of science in society and the importance of universal scientific literacy. 



 Give a coherent summary of the major laws of physics in mathematical form, and show by example 
several areas of physics united by similar mathematical forms. 

 
 
The MS/MA student should demonstrate the ability to 

 Do everything on the BS/BA list in addition to the following: 

 Understand, detect, and avoid various ways of committing scientific fraud. 

 Explain the importance of historical context in physics and relate some of the stories behind the 
physics. 

 Explain science as a community effort, how scientists collaborate, and how scientific knowledge is 
shared. 

 Advocate for ways to increase scientific literacy in the general population. 

 Explain some philosophical conceptions of scientific knowledge, e.g., falsification vs. verification, 
correspondence theory of truth, various interpretations of QM, etc. 

 Explain the nature of science and physics to school and community groups. 
  



2. Mathematical Skills, Modeling, and Problem Solving (3 Examples) 

  

(1) 
The 2-year student should demonstrate the ability to  

 Categorize a problem and explain it conceptually; for example, recognize that energy is conserved as 
a mass oscillates on a spring and explain at what point in the motion the energy is potential, kinetic, 
or both.  

 Recognize the known and unknown quantities of the problem and assign the appropriate algebraic 
symbols to these quantities.   

 Select the equations involving the known and unknown quantities that are appropriate to solving 
the categorized problem.  For example, they should select the equations that describe the kinetic 
energy and potential energy of the mass/spring system. 

 Set up the complete equation that mathematically describes their problem; in this example, the 
conservation of energy of the mass/spring system. 

 Solve a basic conservation of energy problem assuming a massless spring and ignoring friction and 
drag.  A student should be able to algebraically manipulate the basic equations to solve for the 
desired variable, showing each step from beginning to solution. 

 Recognize if their numerical answer is reasonable for the given problem. 
 
The BS/BA student should demonstrate the ability to 

 Do everything on the 2-year student list in addition to the following: 

 Distinguish between relevant and irrelevant quantities given in a problem.  They should understand 
what approximations can be made (the massless spring, ignoring air resistance, etc.) and justify their 
decisions. 

 Determine and numerically solve the differential equations of motion for multiple springs and 
masses, the mass/spring system swinging as a pendulum, and/or include any rotational motion, 
friction, and air resistance appropriate to the problem. 

 Design an experiment testing the validity of the conservation of energy in a mass/spring system.  
They should be able to analyze data and explain sources of experimental error. 

 Present solutions to a problem; graphically and numerically explain the problem and solution to 
others.   

 Recognize if a problem needs to be solved numerically instead of analytically. 

 Employ the scientific method in problem solving. 
 
The MS/MA student should demonstrate the ability to 

 Do everything on the BS/BA list in addition to the following: 

 Apply the conservation of energy principles to more complex systems.  A student should have a 
greater understanding of the differential equations and their applicability to a variety of problems. 

 Understandably teach problem solving methods to 2-year and BS/BA students. 

 Recognize deficiencies in their skill set necessary to solve the problem and know how to overcome 
them. For example, they should recognize they need to obtain a particular math concept, and know 
how to self educate such a concept from the available resources. 

 Solve problems at every stage of the scientific process (i.e. hypothesize, etc.)  
 

 
 



(2) Example of levels of expectation for organizing a physical problem. Reference numbers refer to 

Levels of Sophistication (above). 

 

The 2-year student should demonstrate the ability to  

 Identify the physical principles that underlie a problem from the 2-year physics curriculum 
o Identify the relevant physical laws and know their names, e.g. Coulomb’s law or Gauss’s law (1) 
o Know the definitions of important terms or symbols in the relevant physical laws (1) 
o Be able to identify what formulas are relevant (2) 
o Be able to identify when a specific problem solving approach is the most expedient way of 

solving a given problem, e.g., when to use conservation of energy vs. forces/kinematics (3) 

 Express the meaning of the relevant physical laws or principles in words (2, 9) 

 Express the elements of the problem in terms of the symbols in the relevant formulas(3) 
o Correctly formulate the problem in mathematical terms (3) 

 Draw appropriate schematic diagrams showing relationships among the elements of the problem, 
e.g. free-body diagrams (3) 

 Estimate the order of magnitude of the expected result from general physical principles, 
independent of calculating from a formula (3) 

 
The BS-level student should demonstrate the ability to 

 Do everything on the 2-year student list, but for the more sophisticated problems in the B.S. 
curriculum. In addition, the B.S.-level student should be able to: 

 Suggest experimental tests of the validity of the model embodied in the problem as the student has 
set it up (4, 5) 

 Recognize the same mathematical problem or model in different physical contexts, e.g. gravitational 
fields and electrostatic fields (7) 

 Specialize general formulas for specific problems (8) 

 Determine mathematically the conditions under which simplifying assumptions can be made, e.g., 
when the Coriolis effect can be neglected for projectile motion (5) 

 Set up problems in more complicated geometries, e.g. two- and three-dimensional problems or 
curvilinear coordinates 

 Estimate the order of magnitude of expected results for problems involving multiple physical 
concepts 

 
The MS-level student should demonstrate the ability to 

 Do everything on the BS-level student list, but for the still more sophisticated problems in the MS 
curriculum. In addition, the MS-level student should be able to: 

 Set up problems combining several subfields of physics, e.g. mechanics and electricity & magnetism 
(7) 

 Use curvilinear coordinates extensively and with facility in physics problems 

 Teach problem organization and solving effectively to 2-year and BS-level students (11) 

 Incorporate advanced mathematics (e.g., complex analysis, group theory) into problem solving 
(8,10) 

 

 

 



(3) [Note: This is drawn significantly from Knight’s Instructor Guide for Physics for Scientists and 

Engineers where he quotes from the physics education research.] Problem Solving Skills 

 

1. Given a variety of problems, can the student sort them into meaningful categories? Can the student 

identify the underlying physical principles, and determine whether the problem would be best 

solved by using Newton’s laws, one or more of the conservation laws, etc.? Benchmarks could be set 

for the 2-year, BS/BA, and MS/MA levels by the complexity of the problems. 

2. Re-describe the problem. Describe the physical systems – particles, interactions, charges, fields, and 

whatever else is relevant. 

3. Use quality arguments to plan solutions 

 Recognize patterns in the information. 

 Identify simplifying assumptions, such as whether to use a particle or a continuum model, 

whether or not to include air resistance, etc. 

 Determine what is relevant versus what is irrelevant. 

 Begin building physical models by abstracting the most important concepts. 

 Make decisions by first exploring their consequences. 

4. Elaborate qualitative arguments in greater mathematical detail. 

 Draw some sort of sketch, make appropriate diagrams 

 Clarify geometrical relationships, usually with the aid of a coordinate system 

 Add details as needed such as free-body diagrams 

 Graphical skills and interpretation 

 Be able to cast story problems into mathematical models 

 Understand the meaning of the mathematics in the physical context: 

o Identification of physical quantities with algebraic symbols 

o Understanding the contexts for equations 

 Recognize the physics in a mathematical model 

5. Organize quantitative information: clearly step through the mathematics of the problem solution. 

Determine whether the symbolic or numeric answer is reasonable. 

 

Benchmarks could be made for each of the different steps of the problem solving skills, varying levels of 

difficulty for the 2-year, BS/BA, and MS/MA students. 

  



3. Physics Concepts (3 Examples) 

 

(1) Physics Concept: Conservation of Energy 

 
The 2-year student should demonstrate the ability to  

 Understand the definitions of kinetic energy, potential energy, and work. (1) 

 Understand energy as the capacity to do work (definition of energy). (2) 

 Understand the notion that energy can change form but cannot be created or destroyed in a closed 
system (definition of conservation law). (1,2) 

 Make a clear distinction between the principle of energy conservation and the identification of 
various sources of potential energy (gravitational, mechanical, electrical, etc.).  (1,8) 

 Understand conversion of energy into dissipative forms (friction) and the resulting energy deficit; 
understand that this energy is not destroyed but is converted to microscopic random motion.  (3,5) 

 Understand the notion of conversion efficiency; be able to discuss this in contexts such as power 
generation. (3) 

 Relate energy conservation to the notion that you can’t get something for nothing (no perpetual 
motion or efficiency greater than unity). (2,9) 

 
The BS/BA student should demonstrate the ability to 

 Do everything on the 2-year student list in addition to the following: 

 Understand the relationship between Newton’s laws and energy conservation and the intrinsic 
advantage of scalar vs. vector formulations of a problem. (2) 

 Understand the meaning of graphically presented potential curves and landscapes, turning points, 
forbidden regions. (9) 

 Understand the role of energy conservation in the “crises” that led to the advent of quantum 
mechanics, e.g., the ultraviolet catastrophe. (6) 

 Understand energy conservation in the context of quantum mechanics; specifically: (2,10) 
o The meaning of the wave function in forbidden regions and its connection to the Uncertainty 

Principle. 
o The Hamiltonian formulation and the connection between commutation relations, simultaneous 

eigenvalues, and integrals of motion. 

 Understand energy conservation as applied to thermodynamics and statistical mechanics; 
specifically: (1,5,7)  
o The definition and role of temperature and entropy in the formulation of thermodynamic 

potentials.  
o The role of energy conservation in defining statistical ensembles (microcanonical, canonical, 

grand canonical, etc.). 

 Understand the generalization of energy conservation to include energy incorporated in mass 
(special relativity).  (5,8) 

 Identify the role of energy conservation n in other advanced topics in physics, e.g., radiative 
transitions, photoelectric effect, radioactive decay. (7,8) 

 
The MS/MA student should demonstrate the ability to 

 Do everything on the BS/BA list in addition to the following: 

 Relate energy conservation to general principals of symmetry and reversibility; understand the 
relationship between energy conservation and time-invariance of physical laws. (2,9) 



 Understand the connection between conservation laws and the action principle (Hamilton’s 
principle). (2,10) 

 Begin to understand the ways in which symmetries and associated conservation laws place 
constraints on general theories, including those that are competing theories and/or not yet 
generally accepted. (5,7,10) 

 Demonstrate the capacity to explain the concept of energy conservation to 2-year and BS/BA 
students (11). 

 

 

(2) Gas laws and simple thermodynamics competencies 

The 2-year student should demonstrate the ability to 

 Discuss the impact of the principles of conservation of energy and the 2nd Law of Thermodynamics in 

modern society, relating them to things such as, but not limited to, the production of commercial 

electricity, transportation, and environmental issues.  Appreciate the power of these laws to 

uncover pseudo-scientific snake oil! 

 Calculate the changes in length and volume of solids, liquids and gases as functions of temperature, 

and use these ideas to explain, for instance, the workings of a thermometer, or the common 

manifestation of such things as cracked roads, and creaky houses.  

 Explain the concepts of heat capacity and latent heats, and to use these to describe and sketch the 

temperature of a substance as a function of added heat (or as a function of time) as it evolves from 

a solid, through a liquid and into the gas phase. 

 Use and explain the conservation of energy, or 1st Law of Thermodynamics, written as dU = dQ – 

PdV, or dU = TdS – PdV, identifying each term in sample gas law or calorimetry problems.  

 Articulate and discuss the difference between the internal energy of a system and temperature.  

Explain thermal equilibrium in terms of these concepts.  Understand that for an ideal gas, the 

internal energy is simply related to average kinetic energy of a molecule in the gas.  

 Use the ideal gas law, PV = NRT, or P=nkBT to discuss the behavior of a finite amount of gas 

undergoing changes in Pressure, Temperature or Volume.  

 Understand and perform simple heat diffusion calculations using  dQ/dt = kAdT/dx,  and  connect 

this equation to the use of R-values in modern construction. 

 Explain both an adiabatic process,  dQ = 0 and an isothermal process, dT =0. Follow the calculus 

derivation of a gas expanding from one pressure and volume to the next, either adiabatically or 

isothermally, and explain that the work done by or on the gas can be represented by the area under 

the P(V) curve. 

 Explain Entropy as an ordering principle, and recognize that it is related to the quality of energy in a 

system – the higher the entropy, the lower the quality of the energy in the system. 

 

The BS/BA student should demonstrate the ability to, in addition to the traits and competencies above, 

 Solve the heat diffusion equation, for simple geometries and discuss the notion of heat flux – solve 

the particle diffusion equation and explain diffusive properties in terms of microscopic models of 



particle concentrations and their energies , i.e., answer questions like, “why does heat flow from hot 

to cold”, based on the motions of microscopic particles. 

 Explain quantitatively and illustrate modes of energy transfer through radiation, conduction and 

convection, and explain for instance, the order in which these processes may occur, i.e., why the 

onset of convection when conduction and radiation are insufficient modes of heat transfer.  

 Use statistical mechanics to define the entropy from the density of states and connect this form to 

the  2nd Law when expressed as dS = dQ/dT >= 0. 

 Explain the Carnot cycle as a limiting case of a reversible process with dQ = 0  and dS = 0.  

Demonstrated knowledge should include quantitatively reproducing the Carnot cycle on a PV-

diagram, and using the ideas of the Carnot efficiency and refrigeration COP in examples such as in 

the PV-cycle of real heat engines, refrigerators, appliances and power stations. 

 Obtain quantitatively the partition function for simple systems, and use it to derive the average 

energy and Helmoltz  free energy of those systems.   

 Show facility with partial derivatives, being able, for instance to define heat capacity as partials of 

either the entropy, energy  or enthalpy, with respect to temperature, holding the appropriate 

quantity fixed, and being able to define by transformation, the Gibbs Free Energy and chemical 

potential. 

 Discuss the meaning of and use of partition functions and distributions, particularly the Maxwell-

Boltzmann distribution, and the Fermi  and Bose-Einstein distributions. 

 Explain examples of the applications of statistical mechanics such as the workings of a laser, the 

magnetization of materials or the gas-liquid phase transition of simple fluids.  

 Discuss the difference between Bose and Fermi particles and cite examples of how distributions of 

either type of particle are manifest in various physical systems, such as in semiconductors for Fermi 

particles, and in the formation of Cooper pairs in superconductivity. 

 

The MS/MA student should demonstrate the ability to, in addition to the traits and competencies above, 

 Explain the role that statistical mechanics plays in the foundations of quantum mechanics, through 

the use, for instance of the formalism of Hamilton-Jacobi, Poisson brackets, ensemble averaging, 

etc.  

 Show proficiency in statistical mechanics, particularly as it is used in modeling magnetic and fluid 

systems.  

 Use statistical mechanics for calculating the rates of reaction for interacting systems, based upon 

the principles of minimizing the energy and entropy production rate. 

 Assemble a model necessary to perform a calculation for a particular research need, in condensed 

matter physics or other solid state application. 

 

 

 

 

 

 



(3) Benchmarks for Rotation and Angular Momentum 

 

The 2-year student should demonstrate the ability to 

 Define and calculate the angular momentum for moving point masses or rotating symmetrical 

objects. 

 Define and calculate the moment of inertia for symmetrical objects. 

 Apply the law of conservation of angular momentum to simple situations (where the direction of the 

angular momentum vector does not change). 

 Calculate the torque applied to an object given the force vectors acting on it. 

 Calculate the change in angular momentum for a constant torque. 

 

The BS/BA student should demonstrate the ability to, in addition to the traits and competencies above, 

 Calculate the principal axes and the moment of inertia tensor for an object. 

 Calculate the free rotation of a rigid body. 

 Apply the law of conservation of angular momentum to more complex situations. 

 Use Eulerian angles to describe rotation. 

 Calculate the precession and nutation of a gyroscope. 

 Use the kinematic equations for rotations and know when they apply (constant angular 

acceleration). 

 Describe how rotational kinetic energy fits into overall energy conservation. 

 

The MS/MA student should demonstrate the ability to, in addition to the traits and competencies above, 

 All of the above at a deeper level.   

 Students at this level should be able to explain and teach the above concepts to two-year and BS/BA 

students. 

  



4. Laboratory Skills: the simple pendulum as a test example 

All students at the 2-year level and beyond should be able to follow instructions and complete a 

cookbook style lab. But a 2-year student and beyond should be able to do much more in an open-ended 

lab. 

 

The 2-year student should demonstrate the ability to 

 Reduce uncertainties in taking data 

o Timing the pendulum for several swings rather than one swing 

o Starting timing after the pendulum has been released 

o Use a visual cue to start timing rather than a verbal cue from a partner 

o Start and stop at the top of the swing rather than the bottom of the swing 

 Take consistent measurements 

o Always measuring to the center of mass of the bob, rather than the length of the string, as the 

masses may be different sizes 

 Design experiments, understanding that they should only change one variable at a time(whenever 

possible) 

o Measure the periods for different lengths, leaving the mass and angle of swing alone 

 Graph the results using Excel or a similar program 

 Determine the functional dependence on the variables (fit a trendline) 

o Mass doesn’t matter; angle of swing doesn’t matter; but length does: 

T proportional to (length)-1/2 

 Make a prediction based on their experimental data  

o What is the period of a 4 m long bowling ball pendulum? 

 Take measurements using the appropriate apparatus necessary for the experiment 

 Decide what apparatus is appropriate.  

o A stop watch will do; a photogate is more precise but is not necessary for this experiment 

 Come up with an appropriate technique to do the experiment. The technique includes most of the 

above ideas. 

 Compare their results to the theoretical predictions  

o Did we get a length to the -½ power; is the constant = (2π √   )? 

 Evaluate the level of uncertainty of the data 

o For example, they get a power = -0.48 instead of -0.50. Is this good, bad or within uncertainties?  

If they used the photogate with the microsecond resolution timer, then the result is bad. If they 

used the precision stopwatch, then it’s a good result within uncertainties, and if they used the 

unreliable $2 stopwatch, the results are definitely within uncertainties. (I have a set of 

stopwatches from WalMart that, when the students use them, the times are all over the place, 

±0.7s. The same students with precision watches agree within ±0.2 s, which is approximately 

human reaction time.)  

 Explain in a written report what was done in the lab, what was used, what could be improved. 

 

 



The BS/BA student should demonstrate the ability to, in addition to the traits and competencies above, 

 Carry out full uncertainty analysis on their data and calculations 

 Evaluate from their data whether the small differences are systematic or real 

o Is the slight upward trend in the period vs starting angle real or just uncertainty? It turns out to 

be a real effect.  

 Correct their data for systematic uncertainties 

o Measured the lengths of the string rather than to the center of mass 

 Model the experiment in software, and see if theory agrees with experiment 

o In fact, if I have time, I have my students do an Excel spreadsheet carrying out numerical 

integration for their various starting angles, find the period from the spreadsheet, and compare 

that to their actual data. Amazingly, the spreadsheet data falls right on top of the actual data. 

 Develop equipment to make measurements (a capstone-type project) 

 

The MS/MA student should demonstrate all of the traits and competencies above, plus develop a full 

experiment and demonstrate the ability to 

 Find in the literature what comparable experiments have been carried out previously 

 Gather the necessary equipment 

 Build/design any equipment that is not otherwise available 

 Develop the procedure to do the experiment and analysis 

  



5. Scientific Communication (written, oral, and visual communication) 

“Scientific Communication” in this context refers to any way students communicate their physics 

knowledge to fellow students, professors, and the public, in either an oral or written manner. 

 

In the examples below, “undergraduates” refer to students who are taking coursework towards the 2-

year or BS/BA level of competency.  Students at the MS/MA level are assumed to be graduate students. 

 

The 2-year student should demonstrate the ability to 

 Homework: Write out, with appropriate diagrams as necessary, a complete solution to an 

assigned homework problem (appropriate for this level), explaining in complete sentences the 

steps used.  Explain orally, to a fellow student or their professor, this solution. 

 Lab Report: Write out a clear and grammatically correct laboratory report concerning an 

experiment they have performed in lab, including: Introduction, Experimental Setup, Data, 

Results and Conclusions.  Student is expected to do this for a pre-arranged experiment.  A 

reader should be able to comprehend the purpose and results of the experiment without 

reference to any other materials (such as the lab manual the experiment is derived from). 

 

The BS/BA student should demonstrate the ability to 

 Homework: Write out, with appropriate diagrams as necessary, a complete solution to an 

assigned homework problem (appropriate for this level), explaining in complete sentences the 

steps used.  Student should be able to cogently argue for any approximations made in the 

course of the problem, backing them up with calculations.  Students should recognize situations 

were more information is needed to solve a particular problem. 

 Lab Report: Write out a clear and grammatically correct laboratory report concerning an 

experiment they have performed in lab, including: Introduction, Experimental Setup, Data, 

Results and Conclusions.  Student is expected to do this not only for pre-arranged experiments, 

but also those of their own devising.   

 Presentation: Orally communicate the contents of a written lab report, class project, or original 

research in the form of a short, informal talk.  A reader/listener should be able to comprehend 

the purpose and results of the experiment without reference to any other materials (such as the 

lab manual the experiment is derived from).  The oral presentation should include visual aids, 

such as electronic slides, that are visually attractive and effective in clearly communicating the 

scientific ideas involved. 

 Literature: Summarize, either in written or oral form, the contents of a scientific paper they 

have read or a talk they have attended.  Students should know the required elements of a 

proper citation of scientific sources. 

 Thesis: Should the student be involved in a research project, student should be able to write an 

extended report discussing their research (“Senior Thesis”).    This should be formatted like a 

scientific paper, including: Abstract, Introduction, (Body), Conclusions, and References. 

 Teaching (Tutor/Teaching Assistant): Should the student be so inclined and have the 

opportunity, student should assist students at the 2-year level in all competencies of physics 



through the form of tutoring, either as a private tutor or acting as a teaching assistant in a 

discussion/recitation section. 

 

The MS/MA student should demonstrate the ability to 

 Homework: Write out, with appropriate diagrams as necessary, a complete solution to an 

assigned homework problem (appropriate for this level), explaining in complete sentences the 

steps used.  Student should be able to cogently argue for any approximations made in the 

course of the problem, backing them up with calculations, and to explain any new formulas or 

models used in solving the problem. 

 Lab Report: Write out a clear and grammatically correct laboratory report concerning an 

experiment they have performed in lab, including: Introduction, Experimental Setup, Data, 

Results and Conclusions.  Student is expected to do this not only for pre-arranged experiments, 

but also those of their own devising.   

 Presentation: Orally communicate the contents of a written lab report, class project, or original 

research in the form of a short, informal talk.  A reader/listener should be able to comprehend 

the purpose and results of the experiment without reference to any other materials (such as the 

lab manual the experiment is derived from).  The oral presentation should include visual aids, 

such as electronic slides, that are visually attractive and effective in clearly communicating the 

scientific ideas involved. 

 Literature: Summarize, either in written or oral form, the contents of a scientific paper they 

have read or a talk they have attended.  Students should know the proper way to cite scientific 

sources. 

 Thesis:  Should the student be so required, student should be able to write an extended report 

discussing their research (“Master’s Thesis”).   This should be formatted like a scientific paper, 

including: Abstract, Introduction, (Body), Conclusions, and References, and be of high enough 

quality to be published in a peer-reviewed journal. 

 Teaching (Tutor/Teaching Assistant): Assist undergraduates in all competencies of physics 

through the form of tutoring, either as a private tutor or acting as a teaching assistant in a 

discussion/recitation section. 

 Teaching (Lab Assistant): Organize and supervise a laboratory session for undergraduates using 

a pre-arranged experiment.  Student should be able to instruct undergraduates on the proper 

methods of Scientific Communication at the levels listed above. 

  



6. Computational and Information Skills 

 

The 2-year student should demonstrate the ability to 

 Read and collect data via an interactive laboratory experiment using Labpro or other similar 

program 

 Read, graph and explain spreadsheet data 

 Read and calculate mean, median, mode and standard deviation from spreadsheet data 

 Fit data to simple functions such as a line or a Gaussian distribution 

 Estimate and recognize functions that are candidates for fitting a function 

 Read and employ finite difference algorithms in a spreadsheet to generate data 

NOTE:  The above competencies are intended to implement existing utilities in a program such as Excel, 

not to require students to write their own programs. 

 

In addition to the above, and assuming the above become refined during the BS/BA years of study, the 

BS/BA student should further demonstrate the ability to 

 Understand the difference between a symbolic manipulator and a procedural language 

 Read, understand, and implement an algorithm written in pseudo-code 

 Write and build code from a standard language such as C++ 

 Execute a wide range of mathematical operations in a symbolic environment 

o E.g. algebra, integration, differentiation, simplification of expressions   

o Solve simple differential equations 

o Write and build code in some symbolic  environment 

 Employ both a symbolic manipulator and procedural language to solve a system of linear equations 

and matrices 

o Example: Solve the resistor cube problem for variable resistors and currents 

 Find the eigenvalues and eigenvectors for a large system of equations 

o Example: Use finite difference rotations to diagonalize a matrix in order to find the eigenvalues 

 Employ both a symbolic manipulator and procedural language to solve finite difference problems 

o Example: Calculate the maximum height and range of a baseball hit at differing altitudes, when 

considering drag, gravity, mass, and size of the ball 

 Implement the Fast Fourier Transform on data 

 Fit functions 

 Solve problems employing Newton’s method programmatically 

 Implement mathematical functions symbolically on the computer, such as finding divergence, curl 

and/or gradient of a differentiable function in spherical coordinates 

 

In addition to the above, the MS/MA student should demonstrate the ability to 

 Generate and evaluate digital signal data 

 Understand and explain the concept of accuracy in computing 

 Carry out local interpolation and cubic splines 

 Evaluate definite integrals by the trapezoidal rule, Romberg integration and  Gaussian quadrature 



 Solve linear and nonlinear ordinary differential equations 

 Solve initial value problems using Runge-Kutta and adaptive methods 

 Solve boundary value problems by shooting and finite-difference methods 

 Solve partial differential equations: parabolic (diffusion), elliptic (Poisson), and hyperbolic 

(wave/advection) 

 Implement finite-difference and finite-element spatial discretization 

 Implement explicit, semi-implicit and implicit time-stepping schemes 

 Carry out stability analysis 

 

  



7. Research 

Example research project using spectroscopy to analyze the color of tea, with goals to understand the 

factors affecting the color of tea and to propose a commercially viable scheme for characterizing tea 

color 

 

The 2-year student should demonstrate the ability to 

 Understand the nature of the sub-discipline in which they are carrying out research – how it fits into 
physics as a whole   
o Example: Understanding the basic theory of light, color and spectroscopy as an application of 

introductory physics concepts. 

 Understand the qualitative nature of one or more open problems in this sub-discipline 
o What is the array of possible tea colors? How is tea color currently characterized in the industry?  

Why might one want a more scientific characterization? How could one use spectroscopy to 
illuminate this problem? 

 Read the literature aimed at "the scientifically literate" (e.g. Scientific American, popular books) as 
well as more scientific documents (more advanced textbooks, American Journal of Physics) and 
make connections to ideas learned in introductory courses. 

 Learn what are the "tools of the trade" and how to use them 
o What is the Standard Reference Method (SRM) for determining color? What is a spectrometer? 

 Begin to understand the nature of physics work outside of the artificial classroom environment, 
where everything is cut and dried, where every question has an answer at the back of the book 

 
In addition to the above, the BS/BA student should further demonstrate the ability to 

 Read the scientific literature: journals – to some limited extent – as well as advanced textbooks 
which go beyond undergraduate curriculum. Begin to learn how to teach oneself needed material. 
o American Journal of Physics, spectroscopy journals, texts on theory of color and light 

 State precisely the nature of the research problem 
o How to adapt the SRM method to characterization of the color of tea 

 Carry out standard laboratory, mathematical, or computational tasks necessary to the kind of 
research project being undertaken 
o E.g. in order to build equipment, the student may need to learn machine shop, plumbing, or 

vacuum technology skills. For a theoretical project, the student may need to learn advanced 
mathematical or computation skills. 

 Take direction to attack some small portion of the problem – build equipment, take data, analyze 
data, run (maybe code) canned programs 
o Assist in the design, building, calibration of the spectroscopy system.  Learn/use/program 

canned data acquisition programs. Assist in the taking of data with the spectrometer. Process 
the spectrometer data and present the results, e.g., in graphical form. Interpret how different 
teas manifest different colors based upon these results. 

 Present the research problem, explain the work performed and state how it fits into the context of 
the problem.  Clearly state results, if any.  Written and oral presentation.  Audiences: experts, 
professional physicists, students.  

 Learn how to synthesize elements of several sub-disciplines and to investigate a problem and create 
new knowledge 
o Light, color, optics, spectroscopy,... 

 
 



In addition to all of the above, the MS/MA student should demonstrate the ability to 

 Understand scientific literature pertaining to research project and understand current status of this 
problem/issue 

 Self-teach new concepts, subjects, techniques as needed by the research project 
o Theory of light, color, spectroscopy. Existing approaches to characterizing color. Design and/or 

improve apparatus for doing the spectroscopy 

 Take ownership of the research problem: be able to identify open problems and make proposals for 
future work 
o Note that the spectral results depend upon the age of the sample. Try to figure out what is 

causing this. Propose/make new measurements which might explain this. 

 Add value to knowledge pertaining to the chosen research problem, either by extending existing 
results, solving open problems, or adding additional clarity to known results 

 Contribute to research-level publication in scientific journal; explain project and results to 
professionals and students 

 

 




