3 7 23NILThe power of this tool is more in its demonstration of a valid modification from onecontrol structure to another, as a demonstration that this can be validly done. The previousexample is a demonstration that reasonable tasks can be accomplished with this. The fieldof reflection is relatively new and there are not any demonstrations modification of onecontrol structure into a different nonequivalent structure that still has meaning.No modification of bfs can be made to handle this last example, for with an explicit queuelike the one used by bfs, once a node is passed its information is disposed of. Thus the listis disposed of once it is traversed once.It would be very simple to create an analogous reflective control tool that converts acontrol structure the opposite way called converttostack.3 GRABOur next control tool allows explicit access to control knowledge. At this point in ourresearch we have created a tool - grab, that access a control stack. In particular by positionaway from the top of the stack. An argument is given to it that indicates the frame’sposition from the top that is desired. The different parts of the frame are all accessible byauxiliary functions code, pos and locals. It would be relatively easy to extend this tool toaccess frames by function name or by function name and local variable value, or othervalues contained in the control stack. Or to extend the tool to other control structures.3.1 Operational SemanticsFigure 23 describes the operational semantics of grab, while Figure 24 describes itsauxiliary function’s: code, locals and pos’ operational semantics.

3 8

transformation

Position is indicated by the most immediate instructions that have been executed or that will be executed plus any arguments that will be used in the execution of those instructions or that are returned by those instructions. Arguments are placed similarly to how a stack machine might stack them. Implementation is highly implementation dependent so only minimal details are given.

fun1fun1-varsfun1-positionfun2fun2-varsfun2-position fun3fun3-varsgrab arg - 0grab instrnext instr fun3fun3-vars(fun3 fun3-vars fun3-position)next instre.g. (grab 0)The argument to grab - 0 indicates the frame that will be the returned value. 0 indicates the current frame, 1 is the next closest frame to the top of the control stack and so on.CSCSGrab1) Obtain indicated frames and return it as the result value of the grab instruction.Fig 23. Grab operational semantics.

There are three auxillary functions that return the different parts of a control frame - code, locals and pos. They operate on a frame as indicated below.(code ’(fun3 fun3-vars fun3-position)) => fun3(locals ’(fun3 fun3-vars fun3-position)) => fun3-vars(pos ’(fun3 fun3-vars fun3-position)) => fun3-positionFig. 24. Grab auxiliary function operational semantics.

3 9 3.2 Recursive Lambda and Other UsesOne use for grab is the construction of recursive lambdas. We saw a function equivalent toa recursive lambda in Section 2.4’s function treeintree. A recursive lambda is a functionthat is unnamed and recursive. The important question becomes how does the function callitself if it has no name to use. As above we use (grab 0) which grabs the current frame and(code ...) which obtains the function form from the frame. In this way (code (grab 0))returns the function from of the current frame or current function. Thus a function canrefer to itself using (code (grab 0)). What follows is a function call using a recursivelambda implementation of the factorial function.qlisp> (funcall (function (lambda (n)(if (= n 0) 1 (* n (funcall (code (grab 0)) (- n 1))) )))7)5040The above recursive lambda is far more understandable than the more common Yoperator rendition given below.> (funcall (let ((Y (function (lambda (f) (funcall (function (lambda (g) (funcall g g))) (function (lambda (x) (funcall f (function (lambda () (funcall x x) ))) )) )) ))) (funcall Y (function (lambda (fg) (function (lambda (n) (if (= n 0) 1 (* n (funcall (funcall fg) (- n 1))) ) ) )))) ) 7)5040Certainly our recursive lambda has fewer lines of code. But also, there have to be manylevels of execution that have to be simulated in order to grasp what the Y operator actuallydoes. It typically takes a not insignificant period of time and a pencil and paper in order tograsp what is happening with the Y operator example. Grab is rather straight forward, theoperational model that it depends on is familiar to every programmer who uses function orprocedure calling.Alternatively a "goto" like syntactic recursion example could be used.Lisp> (let ((n 7)) #1=(if (= n 0) 1 (* n ((lambda (n) #1#) (- n 1))) ) )5040However here we are attaching a label #1 to the function. This is exactly what we aretrying to avoid with an unnamed function. The purpose behind unnamed function is to

4 0 have constructs that can be created, modified and used on the fly as often as is desired.Labels have to be generated in a trackable form, what we were trying to avoid.Additional uses of grab would be whenever information in the control structure such asvalues in local variables is desired by either the current process or potentially otherprocesses. We feel that the above examples just demonstrate the tip of the iceberg of whatcan be done with grab. For a programmer of program to have full power it/she/he must beable to access all information that exists in the program and this is what grab provides.4. ZAPThe next tool is zap which allows explicit manipulation of the control stack. Manipulationof the control stack is by function name. In our implementation each frame’s codecomponent has the name of the function, thus matching by name can be done. If theframe’s code component is a lambda list then it can’t be matched by name but can bematched as a lambda list. We start by showing the operational semantics of zap and thengo on to show some uses of zap.4.1 Operational SemanticsThere is an auxiliary function for zap called glue. Glue will create a new frame. Zap canthen use the newly created frame and add it to the control structure in any desired location.We describe the semantics of glue in Fig. 25.

transformation 1) Create a frame for the given call including code, position, and local variables.Gluecode - (lambda () (list b))environment - environment of current frame*position - start* - For this implementation we have choosen a style of programming without dynamic or lexical scope. Only local and global variables are permitted. Globals can be referenced and set while locals are only permitted to be referenced.e.g. (glue (list b))Fig. 25. Operational semantics of glue.The operational semantics for zap follow in Figure 26.

4 1CS1) Remove all frames from the control stack except those that match the arguments and all of those below the last argument.ZapIn the below figures only function names are listed representing the code for each frame. Arg? represents a function name.

argAargBargnargCargDarg2argEarg1argG argAargBargnarg2CS transformation e.g. (zap (glue (list b)) arg1 arg2 ... argn) argAargBargnarg2arg1 transformation CSarg1argFCS argAargBargnargCargDarg2argEarg1argGargF(lambda () (list b)) e.g. (zap arg1 arg2 ... argn)Fig. 26. Operational semantics of zap.4.2 Comparison with other Exception Handling MechanismsWhen would a programmer want to explicitly manipulate the control structure? Wheneverthey want to get out of the standard control flow. This is when they have an exception tothe standard control flow. We now give examples of exception handling with zap. Wewill go on to compare zap’s exception handling with exception handling mechanisms ofLisp and Pop-11 and demonstrate that zap’s exception handling is more modular.

4 2 In our first example there are two possible exceptions, the first transfers control back tofun6 the second more extraordinary exception transfers control further back to fun3, butexecutes frame fun6 along the way. Note that all exception handling is handled in onefunction. Other types of exception handling mechanisms typical have code strewn allthroughout the program instead of modularly situated in one location.qlisp> (defun fun1 (a b)(print (cons ’fun1 (fun2 a b))))FUN1qlisp> (defun fun2 (a b)(cons ’fun2 (fun3 a b)))FUN2qlisp> (defun fun3 (a b)(cons ’fun3 (fun4 a b)))FUN3qlisp> (defun fun4 (a b)(cons ’fun4 (fun5 a b)))FUN4qlisp> (defun fun5 (a b)(cons ’fun5 (fun6 a b)))FUN5qlisp> (defun fun6 (a b)(cons ’fun6 (fun7 a b)))FUN6qlisp> (defun fun7 (a b)(cons ’fun7 (fun8 a b)))FUN7qlisp> (defun fun8 (a b)(if (eq a ’strangevalue) (if (eq b ’doubleexception) (zap (glue (list b)) fun6 fun3) (zap (glue (list b)) fun6)) ’(fun8)))FUN8qlisp> (fun1 ’strangevalue ’doubleexception)(FUN1 FUN2 FUN3 FUN6 DOUBLEEXCEPTION)(FUN1 FUN2 FUN3 FUN6 DOUBLEEXCEPTION)qlisp> (fun1 ’strangevalue ’normal)(FUN1 FUN2 FUN3 FUN4 FUN5 FUN6 NORMAL)(FUN1 FUN2 FUN3 FUN4 FUN5 FUN6 NORMAL)qlisp> (fun1 ’normal ’normal)(FUN1 FUN2 FUN3 FUN4 FUN5 FUN6 FUN7 FUN8)(FUN1 FUN2 FUN3 FUN4 FUN5 FUN6 FUN7 FUN8)As a nonmodular example of exception handling let’s look at catch and throw of Lisp. Inmany ways catch and throw act like a label and a goto. Catch is the label and throw is thegoto. To capture the exception handling of the previous example we have to haveexception handling code in four different locations: fun3, fun5, fun6 and fun8.(defun fun1 (a b)(print (cons ’fun1 (fun2 a b))))(defun fun2 (a b)(cons ’fun2 (fun3 a b)))

4 3 (defun fun3 (a b)(cons ’fun3 (catch ’exception1 (fun4 a b))))(defun fun4 (a b)(cons ’fun4 (fun5 a b)))(defun fun5 (a b)(cons ’fun5 (let ((temp (fun6 a b))) (if (equal (last temp) ’(doubleexception)) (throw ’exception1 temp) temp))))(defun fun6 (a b)(cons ’fun6 (catch ’exception2 (fun7 a b))))(defun fun7 (a b)(cons ’fun7 (fun8 a b)))(defun fun8 (a b)(if (eq a ’strangevalue) (throw ’exception2 (list b)) ’(fun8)))> (fun1 ’strangevalue ’doubleexception)(fun1 fun2 fun3 fun6 doubleexception)> (fun1 ’strangevalue ’normal)(fun1 fun2 fun3 fun4 fun5 fun6 normal)> (fun1 ’normal ’normal)(fun1 fun2 fun3 fun4 fun5 fun6 fun7 fun8)Pop-11 [2] has the catch and throw exception handling mechanism, but in addition hasother control structure manipulation mechanisms. The most modular of which is chainto.With chainto exception handling code need only be located in two locations: fun5 and fun8.However an auxiliary function returnval must be created to grab values off of the stack andpass them along the return chain.define fun8;if A = "strangevalue" thenconspair(B, evallist) -> evallist;chainto(fun6, returnval); endif;conspair("fun8", evallist) -> evallist;enddefine;define fun7;fun8();conspair("fun7", evallist) -> evallist;enddefine;define returnval;enddefine;define fun6;fun7();conspair("fun6", evallist) -> evallist;enddefine;define fun5;fun6();if B = "doubleexception" thenchainto(fun3, returnval) endif;conspair("fun5", evallist) -> evallist;enddefine;define fun4;

4 4 fun5();conspair("fun4", evallist) -> evallist;enddefine;define fun3;fun4();conspair("fun3", evallist) -> evallist;enddefine;define fun2;fun3();conspair("fun2", evallist) -> evallist;enddefine;define fun1;fun2();pr(conspair("fun1", evallist));pr(newline);enddefine;: "strangevalue" -> A; "doubleexception" -> B; [] -> evallist; fun1();[fun1 fun2 fun3 fun6 doubleexception]: "strangevalue" -> A; "normal" -> B; [] -> evallist; fun1();[fun1 fun2 fun3 fun4 fun5 fun6 normal]: "normal" -> A; "normal" -> B; [] -> evallist; fun1();[fun1 fun2 fun3 fun4 fun5 fun6 fun7 fun8]Exception handling is a term that really creates a limited view of what is being done here.A more general view would consider it a miracle that we can create a hierarchical structureof function calls to our reasoning process. This is quite opposite from the view that we callfit our reasoning into a hierarchical form with only a few exceptions. The power of zap isthat it takes the more general view that valid and useful structures of our reasoning processis more varied. With zap we have more power to reorganize the reasoning structure of ourprograms, and thus capture more varied reasonings used by the mind.5 CONTROL SORTED COLLECTIONSOur final control tool is control sorted collections. We borrow the data structure sortedcollections from smalltalk [11]. A sorted collection is similar to a list or stack in that it is acollection of objects. Unlike a list it has an order. However unlike stacks or queues itsorder is not determined by the order of when elements are added to it. Its order isdetermined by the values of the elements themselves. An auxiliary function goes alongwith the sorted collection to indicate how the elements are to be sorted. An example mightbe the function (lambda (A B) (< A B)) which would sort the collection in an ascendingorder. The function is used to compare two elements of the collection. The variable Amatching with the first element encountered in the collection when starting the sort, Bmatching with the second element. If the function returns a true value then the value in A issorted into the first location, otherwise B is sorted into the first location. In this way thelambda function can be used along with any number of different implicitly built-in sortalgorithms to sort the collection.Control sorted collections are similar to sorted collections in that they use a function tosort themselves internally. The elements that are being sorted are the control frames. Likecontrol queues, control sorted collections can be intermixed with normal function callingcontrol stacks. There is an additional argument needed for control sorted collections incomparison to sorted collections. Unlike sorted collections, control sorted collections haveelements that are complex. Frames are built up data structures that have several

4 5 components: position, code and locals. Position and code are not structures that can becompared, while variables can have values that can be compared. But which local variablesshould be used to do the comparison. The second argument for control sorted collectionsis a form that indicates the variable or construction of variables that are to be used forcomparison.Control sorted collections can be used similarly to how control queues are used. Controlqueues are used as a general breadth-first traversal mechanism, control sorted collectionscan be used as a general best-first traversal mechanism.5.1 Operational SemanticsIn Figure 27 we show the basic structure for control sorted collections. The structureresembles that for control queues with two exceptions. First there is an extra data structurethat contains the sort function and variables. Second fragments are not permitted. If thereis an unattached frame it must be the top of the stack for the first control sorted collection(CSC) frame. A CSC frame is analogous to a queue frame and is equivalent to a controlstack itself because normal functions can be called from within a control sorted collectionframe.

codelocalsposcodelocalsposcodelocalsposcodelocalsposcodelocalsposcodelocalsposcodelocalsposcodelocalsposCurrent control is always in the top frame of the control stack and at the front CSC frame and at its top, which is either attached or unattached.codelocalspos codelocalsposcodelocalspos

Exploded view of the top frame.Control Stackbottomtop codelocalspos

Control Sorted Collection (CSC)There may be an unattached frame for the front CSC frame. Note that this can only be on the front frame and be a simple control stack frame. Each CSC frame has its own control stack so that it can call normal subfunctions.

sort Function sort varsFig. 27. Basic operational semantics of control sorted collections.

4 6 Control sorted collections have an ordinary call and return (Figures 28 and 29respectively). In addition there are alternative ways of calling and returning from controlsorted collections. There is an explicit call function (Figure 30), and an explicit returncf(Figure 31) which terminates all of the frames of control sorted collection at the same time.There is a function similar to glue called newframe (Figure 32) which adds a frame to thecontrol sorted collection. In Figure 33 there is a description of how grab works withcontrol sorted collections. Finally there are two auxiliary functions getframevar andsetframe for accessing and setting the local variables of control sorted collection framesrespectively (Figures 34 and 35).

Normal function call of a CSC function: the current frame’s position is advanced; if the current frame is unattached it is attached; a new frame is created for the new CSC frame and put on the control sorted collection; then the control sorted collection is resorted using the indicated sort variables of each CSC frame and the sort function; control is always maintained at the front of the CSC.

CSCScontrol

n e x t c a l l control

If no control sorted collection exists yet.

control transformationtransformationCSCCSC

CSCnew123123newnextcallc a l l nextn e x t callFig. 28. Operational semantics of control sorted collection’s normal call.

4 7returntransformation

control

CSCCSCSCNormal function return: the first CSC frame is removed; then the CSC is sorted because more frames may have been added with newframe; if no more CSC frames exist then the entire CSC is removed and control returns to the top of the stack.CS

Fig. 29. Operational semantics of control sorted collection’s normal return.

4 8transformationsort function - (< A B)

control

CSCCSn e x t control

CSCThe function (call ...): advances local control past the "call"; if the current frame is unattached it is attached; reorders the control sorted collection according to the sort function and sort variables; and places control at the front of the control sorted collection. In the below example non-generic values are used for demonstration purposes.f - 3f - 5f - 8f - 4f - 2CSf - 3f - 5f - 4f - 2f - 8

sort var - fsort function - (< A B)sort var - fcallnextc a l l Fig. 30. Operational semantics of control sorted collection’s explicit call.

4 9The function (returncf): will return the frame that called the CSC even though there may be additional CSC frames left; all CSC frames will be removed.

CSCSc a l l nextcontrol control transformationCSCFig. 31. Operational semantics of control sorted collection’s explicit returncf.

CSc a l l control transformationCSC123

CScontrol

CSC123newThe function (newframe ...) adds a new frame to the end of the Control Sorted Collection, Control remains with the front frame. The frames will only be reorganized when there is some form of call on the Control Sorted Collection.callnextn e x t Fig. 32. Operational semantics of control sorted collection’s function newframe.

5 0The function (grab CSCfunctionName (var val)) behaves very much the same as grab on an ordinary function. However with a CSC function there is an extra parameter that differentiates CSC frames by a variable - value pair. The first CSC frame with this variable-value pair in the CSC is the value returned just as in a normal grab. Remember however that a CSC frame has the form of an ordinary control stack.

CScontrol transformation of (grab best (j 7))CSC bestf - 1 , j - 2 bestbestf - 4 , j - 5 f - 3 , j - 7

codelocalsgrabnext

CScontrol

CSCbestf - 1 , j - 2 bestbestf - 4 , j - 5 f - 3 , j - 7

codelocalsn e x t bestf - 3 , j - 7 Fig. 33. Operational semantics of control sorted collection’s function grab.

5 1bestf - 4 , j - 5 The function (getframevar ...) does not work with the control structure, instead it operates like a function taking arguments and returning a value. However it does take a piece of a control structure as its second argument. The second argument control structure will be searched for a frame with the function name or definition of the getframevar third argument, within the found frame the getframevar first argument variable will be searched for in the locals and its value will be returned.

(getframevar j best)return value5Fig. 34. Operational semantics of control sorted collection’s function getframevar.

5 2n e x t The function (setframe frameDescription varName varValue ...) will search for the described frame in the control structure and then set the local variable that matches varName to varValue. This function can take any number of optional varName and varValue argument pairs. In the below diagram the arguments to setframe have been stacked in the position structure of a frame as has been done in previous diagrams.

transformation

CScontrol CSC bestf - 1 , j - 2 bestbestf - 4 , j - 5 f - 3 , j - 9

codelocals

CScontrol

CSCbestf - 1 , j - 2 bestbestf - 4 , j - 5 f - 3 , j - 7

codelocalss e t f r a m e bestf - 3 , j - 7 9jnextsetframeFig. 35. Operational semantics of control sorted collection’s function setframe.The auxiliary functions setframe and getframevar are really further renditions of zap andgrab in that they manipulate and access control structures.5.2 Best-first TraversalBest-First traversal examples are by their nature complex. Because of this complexity wewill only provide two examples. However we will make these two examples as divergentas possible in order to demonstrate the generality of control sorted collections.

5 3 We start with an implementation of the A* algorithm [15] the most famous of best-firstsearch examples. Any A* algorithm will use the same basic structure. Thus we focus onthe code that will be generic for numerous different problems, and leave specific code forspecific problems for the appendices. As an example we describe the 15 puzzle problem.In this problem we have fifteen numbered tiles on a sixteen tile grid. There is one emptysquare on the grid. The only movement that is possible is moving a tile adjacent to theempty square (above, below, right, or left of it) into the empty square creating a new emptysquare where the adjacent tile used to be. The goal of the game is to put the tiles in orderfrom 1 to 15 starting from an arbitrary organization. A heuristic is used indicating howclose the current position is from the goal position. This heuristic can be anything as longas the heuristic value of a position is always less than the actual cost in number of movesfrom the current position to the goal.The idea of the A* algorithm is to make a best-first search of all possible sets of moves.Starting from the start position make all possible one step moves (expand the position).Calculate a heuristic value for that new position and add the cost of getting to that position.This sum will be the total estimate or value of the position. The position with the best valuewill be the next position to be expanded. If a position is arrived at that has been met beforebut the cost of getting to this position is now cheaper than it was before, recalculate thevalue of this position, if it has already been expanded put it on the list of unexpandednodes. All unexpanded positions will always compete with each other to be expandednext. In this way whenever the best value position is also a goal position then a best costsolution has been reached.We now turn this algorithm into code using control sorted collections. A control sortedcollection is defined using defsc, which is analogous to a defq. The following twofunctions are the generic part of the A* algorithm. For demonstration purposes we havemade a number simplifications. We eliminate a concern for space thus a path indicatinghow we got to a position needs to be wholly stored for each node. This allows us toeliminate a closed list which is usually used by the A* algorithm to hold partial paths fromone node to another node, in that way space can be dramatically saved in the storage ofpaths. Partial paths that appear in many different nodes don’t have to be repeated. We alsoassume that the goal will be reached by some path.(defsc bestfirst (Position Goal &key (G (getEstToGoal Position Goal)) Path (F 0) ) (+ F G) ; value sorting is done on(function <); sort function(if (eq position goal)(progn (print path) (print F) (returncf))(generate-children position goal path F (make-children-list position)) ) )(defun generate-children (position goal path F children) (unless (null children) (setf temp (grab bestfirst (list (quote position) (get-first children)))) (if (null temp) (newframe bestfirst (get-first children) ; newly created position Goal :path (append path (list (get-first children))) :F (+ F (cost-first children)) ) ; already on open list (when (< (+ F (cost-first children)) (getframevar F temp)) (setframe temp path (append path (list (get-first children))) F (+ F (cost-first children)) ) ))) (generate-children position goal path F (rest children))))

5 4 Bestfirst has five variables, a sort structure, and a sort function. The first variable"position" holds the current position such as the tile organization on the 16 square board(this could be a list of 15 numbers and a 0 for the empty square). "Goal" holds the goalposition, this might be the list (1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0). The next threevariables are key variables and if not passed by name will take on the value in theirassociated list or nil if there is no associated list. "G" is the estimate to the goal from thecurrent position. This value is computed by a function for the specific problem at hand, nota generic function, getEstToGoal appears in two examples in Appendix A. "Path" is a listof positions passed through to get to this location. "F" is the cost to get to this positionfrom the starting position. Thus the value of this position is the sum of "F" and "G". The value that is used to sort the positions or frames is (+ F G). Thus the sort structurecontains a list of these variables (+ F G). The positions will be sorted in ascending order.The best-cost position will be the position or frame that will be expanded next.Next we come to the body of bestfirst. If the position and goal are the same then thebest-cost position is a goal position, and we have found a best-cost solution and are done.We need only print out the path used to get to this position and terminate the search usingreturncf which closes the control sorted collection. Otherwise we need to generate thechildren of this position (all the possible moves from this position). We then terminate thisnode by doing an ordinary return. by returning the next best-cost position-frame can takecontrol.The generate-children function receives a list of all of the child positions from theexample specific make-children-list, again two examples of this function appear inAppendix A. Generate-children is a recursive function. If there are no more children in thechildren variable it terminates execution. Otherwise the first child position is comparedwith existing frame to see if this position has been reached before and is unexpanded. If itis found it is put in a temporary variable called temp. Notice that the control sortedcollection function grab is used. If the grab puts NIL into temp then no previous framematching this position has been found and the first cond test (null temp) will succeed. Inthis case a new position is generated with newframe. All the appropriate variable values arepassed along to newframe. If an identical position is found in the control sorted collectionthen there needs to be a check to see if the new path to this position is a better cost than theprevious path, if so then the positions cost values need to be updated. The functiongetframevar is used to check the old cost values, and setframe is used to set the new costvalue.The fifteen puzzle example in Appendix A.2. A shortest path example appears inAppendix A.1.If we didn’t have control sorted collections then control flow would have to be explicitlymanaged either with a sorted collection, or with a sort algorithms provided by theprogrammer him/herself. The idea behind control sorted collections is to relieve theprogrammer of this drudgery. With this tool we are not concerned with efficiency of arunning program but rather efficiency of the programmer. Alternatively we could havecreated a specific mechanism for the A* algorithm with specific tags into the algorithm suchas the functions: getEstToGoal and make-children-list which we have mentioned before aswell as cost-first and get-first which are additional example specific functions that appear inthe bestfirst function. However the problem with that type of structure is similar to theproblems we had with bfs. There are numerous situations where the specific structure of ageneric set of defined functions simply will not work. First the form of the variables maybe different. Second the input functions may have to vary, in our experiments we foundthat an additional example specific functions would need to be created for printing the path,since calls to the example specific function getfirst appears in two places - one for path andone for position we would need two getfirst functions instead of one. Finally there mightneed to be a completely different set of variables and algorithm altogether. We next providethe 0/1 knapsack [14] problem as a divergent problem requiring a simpler algorithm and setof variables.